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SUMMARY 
The prediction of heat transfer rates in the regime of 
subcooled flow boiling has long been a difficult and often 
-cumbersome procedure. Correlations have been derived which 
require graphical solution, experimental data pertinent to 
the system to be designed and are often limited to a par- 
ticular liquid or flow configuration. 
In this thesis a total of 664 results for the subcooled 
flow boiling of water, ethyl alcohol, iso-propyl alcohol, 
n-butyl alcohol, liquid ammonia, aniline and hydrazine have 
been collected and classified from the literature. 
In addition 219 results for the subcooled flow boiling of 
water on the outside of a stainless steel tube set verti- 
cally in a square annulus have been obtained by the author. 
These results were found to be in agreement with those of 
previous workers in as far as a comparison could be made. 
The total data includes results for the boiling of liquids 
on stainless steels, types 304,321 and 347, Inconel X, and 
Nickels L and A. The flow configurations included in the 
data are upward flow through a circular pipe, upward flow 
through a square section tube with rounded corners and hora- 
zontal flow over a small heated strip. Also included is the 
author's own configuration described above. 
All data was correlated using an I. C. L. 1905 F computor 
In conjunction with a stepwise multiple regression'analysis 
program. 
90% of the data is bounded + 40% by the equation :. 
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enabling subcooled flow boiling heat transfer coefficients 
to be calculated from a knowledge of the physical proper- 
ties of the liquids and of the relevent system parameters. 
I 
Stereoscans of the heating surface are included and are 
discussed in relation to the possible excistance of active 
nucleation sites. 
" The importance of having accurate values for the non-boiling 
heat transfer coefficient is discussed along with correc- 
tions to allow for the formation of the thermal boundary 
layer. Qualitative discussion, backed by photographic evi- 
dence is included to-show-the effect of heat flux, subcool- 
ing and flow velocity on bubble size and population. .. 
Results are included showing the hysteresis effect caused 
by the alteration of flow velocity and heat flux in firstly 
a positive direction and then a negative direction. 
The effect of the level of dissolved air upon boiling heat 
transfer coefficients is illustrated and discussed with 
reference to other workers' results. 
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1. INTRODUCTION, , 
Subcooled boiling can be concisely described as boiling of, 
a liquid on a submerged surface without net generation of 
vapour. Moles (1) has pointed out that the heat transfer 
coefficients may be increased by as much as 4 times with 
water, and 10 times with organics, over and above those 
normally encountered with forced, convection heat transfer. 
In addition;. complex two phase flow problems do not occur, 
This can lead to the design of more compact heat exchange 
equipment, provided that the system is economically viable. 
Applications. of suhcooled boiling heat transfer include the 
cooling, of high-power electromagnets and electronic. ýtubes, 
the cooling-of accelerator targets, high. temperature-pres- 
sure transducers and high temperature probes. A more'common 
system where subcooled boiling occurs is in the entrance 
region of boiler tubes. Bagley (2) has presented a design 
analysis of once-through boilers in which the various flow 
regimes are presented. In all these applications, a simple 
and accurate design equation would be advantageous. 
Since, 1950, a vast amount of research into the subject of 
boiling heat transfer has been undertaken. Slowly, the 
underlying thermodynamic and hydrodynamic principles involv- 
ed in bubble formation, and their effect on heat transfer 
rates are becoming known. The problems of subcooled, flow 
boiling represent one of the most complex facets of the 
boiling process. Until this fundamental research is presen- 
ted in a form of use to the design engineer, a simpler, 
semi-empirical design procedure is more helpful. Earlier 
workers have proposed such a procedure and these are revised 
in Chapter 2. The fact that the design of boiling heat 
transfer equipment requires an empirical approach, is not 
to be thought unusual. None of the convective heat transfer 
processes can be handled by straight forward analytical 
techniques. All require the use of empiricism, be it in the 
form of an equation for the thermal conductivity or emissi- 
vity which are then found experimentally. 
to 
The work presented here has correlated a total of 883 data 
points for the subcooled boiling of liquids, 664 of which 
were obtained from the literature. The resulting correlation 
will be of use to the design engineer in industry-when 
faced with the problems of designing equipment such as that 
outlined above. 
The balance of 219 data points were obtained by the author 
using an apparatus designed specifically for this purpose. 
Although a subcooled flow boiling loop was available for 
operation at the onset of this research, it was thought un- 
suitable for the following reasons. 
The power losses in the heating system were very high due 
to. poor jointing design. which prevented high heat fluxes 
from being obtained. The flow geometry of the_origonal rig 
was such that the fluid flowed through the inside of a 
stainless steel tube,. thereby making visual appraisal im- 
possible and introducing problems in surface temperature 
measurement. The building of a new rig. would enable. theý., 
testing of another unusual geometry of flow to be investi- 
gated and provide an apparatus ideal for photographic re- 
search. work,. by others in the future. 
'--Y -- -- 
2. LITERATURE SURVEY 
The field of boiling heat transfer is a vast and diversi- 
fied field. It may be broken down into 7 distinct areas of 
research, most of which, regretably, overlap or are depen- 
dent on other areas for information. These are : 
1. Bubble Dynamics. (a) Hydrodynamics 
(b) Thermodynamics 
. 
2. 'Nucleate Pool Boiling (a) Saturated liquid 
(b) Subcooled liquid 
3. Nucleate Flow Boiling (a) Saturated liquid 
(b) Subcooled liquid 
4. The Boiling Crisis. -(Burnout) 
(a) in pools 
(b) in flow. 
Both (a) and'(b) may be either subcooled or sat- 
urated. 
5. Inception of Boiling (a) in pools 
(b) in flow. 
Both (a) & (b) may be either subcooled or saturated 
6. Transition Boiling. 
7. Film Boiling. 
Only those parts of the above which are relevent to this 
thesis will be reviewed here except that one important topic 
namely, " Non-Boiling, Forced Convection Heat Transfer" must 
be added since this forms an integral part of many subcooled 
boiling correlations. In addition to this topic, part. 3 
above will have to be reviewed along with the effects of 
the system variables on this aspect of boiling heat trans- 
fer. Thus the following survey is divided into three parts: 
1. Non-Boiling Heat Transfer Correlations 
2. Boiling Heat Transfer. Previous Correlations 
3. Boiling Heat Transfer. Effect-of variables 
2.1. NON-BOILING HEAT TRANSFER 
Correlations for predicting non-boiling, forced convection 
heat transfer coefficients are well established. For Reynolds 
numbers: above. 10,000, Prandtl numbers above 0.7 and below 
160,, and L/D values above 60, the following correlations 
t2 
are well known : 
The Colburn equation (3) for heating or cooling inside 
tubes : 
Nusf = 0.023 Ref .8 prf1/3 
The physical properties are calculated at the mean film 
temperature given by ( Tw + Tb )/2 
The Sieder-Tate equation (4) for heating or cooling inside 
tubes where the variation of viscosity with temperature is, 
important. ( e. g. for viscous fluids ör high wall temps. ) 
Nusb = 0.027 ' Reb0.8 Prb1/3 (4l(, 'pW)0.14 
All properties are calculated at the bulk temperature with 
the exception of ýlw which is calculated at the wall temp- 
. eräture. 
For annular sections between circular tubes, Davis (5) has 
proposed the equation 
Nusb = 0.031 Reb°' 
8 Pr b1/3 'jpv/)0*l4(do/'i)O"l5' 
where d. and d are the inner and outer diameters of the 1o 
tube and di is used as the characteristic length throughout. 
Carpenter et al. (6) propose that the hydraulic mean dia- 
meter be employed in the Sieder-Tate equation, where : rt 
de = do - di 
Both equations were found to give rather high values of h. 
For-non-circular sections in general, Coulson and Richard- 
son (7) reccomend the use of either the Colburn equation 
or the Sieder-Tate equation with d replaced by de where: 
de 
.=4x Cross, 
Sectional Area 
Wetted Perimeter 
Variations in the exponent on the Prandtl group and in the 
value of the constant have been reported by various workers 
in the literature. The following workers are those who have 
researched into subcooled flow boiling heat transfer and, 
as an integral part of their research, arrived at an expre- 
ssion for forced convection heat transfer without change of 
'3 
phase. 
Krieth and Summerfield (8) correlated data for analine 
using : 
Nusb = 0.034 Reb0' 
8 prb1/3 (f1y/N. 0.14 
Papell (9), correlated his data for water using : 
Nusf = 0.021 Ref '8 prf0.4 
Bergles and Rohsenow (10) used the same expression as Papell. 
with a constant of 0.023 as did Badiuzzaman'(11), using, a 
constant Of 0.047. The latter correlation was for the flow 
of water over'a heated strip located in a rectangular duct. 
Rohsenow and Clark (12) correlated-their data for water 
using the. Colburn equation with a modified coefficient : 
Nusf = 0.019 Ref0'8 Prf1/3 
For low. values of L/D, when the thermal and velocity boun- 
dary layers. are not fully established, McAdams (13), rec- 
comends the use of the Sieder-Tate equation with the corre- 
ction factor of : 
1+ DAL X0.. 7 
i. e. 
Nusb = 0.027 Reb°. 
B Prbl 3 (NCI Vj0.14 (1+ (D/L) 0.7) 
2.2. BOILING HEAT TRANSFER - Previous Correlations. 
The problem of estimating heat transfer coefficients in 
subcooled boiling heat transfer has been with us for many 
years. The progress of research in this field may be traced 
along two fairly distinct paths. 
The first of these involves data reduction by means of dim- 
ensionless groups, these groups use the equivalent diameter 
and mean bulk velocity as the characteristic length and, vel- 
ocity. Such correlations effectively involve the extrapol- 
ation of non-boiling data into the region of subcooled boil- 
1l 
ing and, therefore, require no knowledge of correlations 
describing nucleate boiling in tubes or pools. The method 
by which these dimensionless groups are obtained further 
helps to subdivide this field of research. 
The second path of research into this subject may be broa- 
dly classified as superposition or interpolation techni- 
ques. With such methods, the heat fluxes involved in sub- 
cooled forced convection boiling are obtained from a know- 
ledge of the non-boiling heat transfer equations for f©rced 
convection, together with a correlation for saturated pool 
boiling, or actual saturated flow boiling data. Correlations 
for saturated pool boiling are expressed in terms of dimen- 
sionless groups, using the diameter of the bubble as it 
leaves the heating surface as-the characteristic length, and 
its. velocity as the. characteristic velocity. This line of 
research may be subdivided according to the method of in- 
terpolation between the limits of pool boiling and single 
phase heat transfer, and the method of deriving the dimen- 
sionless group correlation for the pool boiling model. 
This thesis is primarily concerned with the first line of 
research outlined above, but a foreshortened survey of the 
second path will be-presented here so that the reader may 
compare the two paths chronologically. 
2.2.1., Interpolation and Superposition Techniques. 
The earliest attempts to superimpose the effect of forced 
convection on pool boiling were made by Rohsenow and Clark 
(12) in 1954. They replaced the heat flux term Q/A in their 
earlier correlation for pool boiling (14) : 
4, cs 
with Q/Aboil I where Q/Aboil Q/Atotal Q/Af. ce s 
thereby assuming that the total heat transfer for the boiling 
process was the sum of the forced convection single phase 
I's- 
and the pool boiling heat transfer rates. 
In 1959, Forster and Grief (15) devel'oped a dimensionless- 
group correlation for pool boiling using the critical 
bubble diameter and its radial velocity as the character- 
istic length and velocity : 
-3 U- 
C CL TS 0ý 
Cýj(A =t. 2xto _5l 
f'` AP 
This dimensionless correlation has been rearranged to ex- 
press the heat flux explicitly. Use of this correlation for 
subcooled flow boiling involves the location of the inter- 
section of the pool boiling curve and non-boiling curve on 
a graph of heat flux versus superheat. This -flux then 
yields the flux at the end of the transition zone from a 
simple empirical relation. Should the conditions at the 
desired fall in the transition zone, then a heat flux 
(#ý 
linear intpolation from the point of incipient boiling to 
the end of the transition zone is employed. However, the 
point of incipient boiling is left in some doubt. Also the 
use of this method in"a computor'program would be very diff- 
icult. - 
Kutateladze (16) introduced another interpolation formula 
in 1961 which again involved the terms Q/A and Q/A boil f. c 
However, his interpolation was of a more precise nature : 
O. / A P. 3. / (Tw - TS) P. a 
QI ý. c. i N. c. 
/ Tv, - 1140. 
In 1964, Bergles and Rohsenöw (10) improved this interpol- 
ation still further with the inclusion of the term, Q/ABi 
the hypothetical heat flux-at the inception of fully dev- 
eloped boiling. The heat flux at the inception of normal 
boiling, Q/Ai , was calculated using :" 
C) . o23 c4- 
The interpolation of the total heat flux was then performed 
using the following : 
4. 
112- I6 
CýL/Gn 
"Bergles and Rohsenow pointed out that such an analysis was 
by no means an explanation of the boiling process; but was 
only a design procedure. 
It can be pointed out that Kutateladze's formula requires a 
knowledge of. the pool boiling heat flux, which in turn re- 
quires the knowledge of an empirical constant for'the par- 
ticular fluid/surface combination. Bergles and Rohsenow rec1= 
ommend the use of actual saturated flow boiling data in the 
estimation of Q/ABi. Hence, both these correlations are 
tedious to use. 
In'1966, Chen (17) took Forster and Zuber's (18) analysis. 
of pool boiling heat transfer : 
0"'49 0"(«5 0.49 0.115 0 . 2I+ hL C 
41 C'. So 0.00122 L TS LP 
miG o., - 0"2.9 o. 1 y. 0.29 cri JAL T eý 
and extended its use to cater for the effect of forced con- 
vection. A suppression factor, S, was used to account for 
the reduced superheat experienced by a bubble, due to the 
steeper temperature gradient near the wall, this being in- 
curred with forced convection. The suppression factor was 
presented graphically as a plot of S versus the two phase 
Reynolds number for the system. hmic as calculated above 
was then multiplied by S, and the resulting heat transfer 
coefficient added to hmac, the heat transfer coefficient 
due the non-boiling process. The total heat transfer rate 
was then found using : 
Q'ý = 
CSk')(TwT) ýAmýt 
X 4' 
A logical extension of this work (19) was to correlate S 
as some function of both Reynolds number-and subcooling. 
However, this did not prove successful. The correlation of 
subcooled boiling data using a modified form of the'Chen 
correlation : 
%I 
Q/ý = 
%mp, 
c 
ýQ 
sulz ý'aTS) `ý' 
ýrýýc. 1, T5 
_S 
was attempted with moderate success. See Figure 29. 
2.2.2. Dimensionl'ess' Group Correlations. 
- based on the geometry of . the flow path. 
The earliest attempt at all to correlate subcooled boiling 
data was made by Knowles (20) in 1948. His data reduction 
method was based on the variation of the constant "a" in 
the Dittus-Boelter equation 
Nus =a ReO'8 pr0.4 
He showed that the value of "a" increased by as much as*4 
times with surface boiling of water, above its normal value 
of 0.023. He demonstrated graphically that the increase bore 
a-simple relation to the heat flux and L/D ratio under con- 
sideration, or : 
hboil/hnb f( Q/A , L/D ) 
In 1954, Sterman arrived atthe. dimensionless group corre- 
lation 
0: 1 1.31 0-23 
Uaýl 6150 (ev - 
nL C* Z-\ LS T5 
which correlated forced convection data for water and 
ethyl alcohol at low qualities. The circulating fluid was 
saturated with respect to the operating pressure. The press- 
ures used varied from 2 to 52 atmospheres. Sterman arrived 
at these dimensionless groups by considering the differen- 
tial equations describing the heat, mass and momentum tra- 
nsfer from the heated wall to the turbulent core of the 
fluid. Having established these relationships describing 
l$ 
the boiling process, similarity criteria were extracted 
for-the prediction of heat transfer rates. These are the 
dimensionless groups in the above correlation. It can be 
seen that the correlation is of the form : 
0.4 
_ 
(P pct c; cJ 
?c 
rýý & sý . _____ 
This format of dimensionless group correlations is common 
to all such correlations published to this day. The only 
modification of any significance has been the introduc- 
tion of the bulk temperature to account for the effect of 
s. ubcooling. 
Papell (9) was the first to introduce the effect of sub- 
cooling in 1962. Using 103 data points of his own and 182 
from-other workers, he arrived at the correlation : 
o"ý 
90 
l-2 ev I" o9 
:7 
Only the results for water are included in this correlation 
though agreement with results for liquid ammonia was reas- 
onable. The replacing of the term : 
x in Sterman's correlation by 
Cý ls 
was arrived at by cross-plotting 
ý1ýro; 1 (DI /A 
against 
Cý ý su, Lr 
resulting not only in the exponent of 0.7 for the term : 
to 
QIR 
;ý CV 
but also the effect of subcooling on the heat transfer 
process. 
In 1967, Badiuzzaman (11) found that the introduction of the 
group : 
TS 
in addition to Papell's groups, reduced the scatter of his 
own results for water, ethyl alcohol and iso-propyl alcohol 
considerably. Unfortunately, the correlation was not gen- 
eral for all three liquids. Badiuzzaman's correlation may 
be expressed as : 
I. 2 I. Oc - 0.6 lra ilQ /A %v41ý. 1ý 
where C and m are respectively 178 and 0.75 for water and 
759 and 0.89 for both alcohols. The justification for the 
addition of the group : 
TS 
other than the reduced scatter which resulted was not stat- 
ed clearly. 
In 1968, Hodgson (22) derived a dimensionless group corr- 
elation using dimensional analysis techniques. The general 
form was found to be : 
il a ý- Cr (c4 C 
10 
The constants'and exponents were calculated by cross-plotting 
only. The term : 'X 
Xc 
where=- Q"/ and 
x= CL5a-ý 
cl p cL -, 
was justified as catering for the effect of pressure on- 
subcooled boiling heat transfer. However, the very low value 
of the exponent on this term would suggest that its inclu- 
sion is dubious. 
2.3. EFFECT OF VARIABLES 
2'. 3.1. Subcooling 
In 1949 Gunther and Krieth (23) observed that subcooling 
had a drastic influence on bubble size. At low subcoolings 
a persistent vapour mass covered the heated surface at a 
heat flux of approximately 1 BtU/in2sec. Occasionally, a 
bubble would gain identity , by detachment from the mass 
and floating upwards in the liquid as it collapsed. This 
collapse process took about 15 millisecs.. With increasing 
subcooling this effect vanished and the vapour mass was re- 
placed by an even distribution of small hemispherical bub- 
bles of short life, ( approx. 1-2 millisecs). These bubbles 
would grow and collapse on the heating surface. Thus, incr- 
easing the subcooling of the system was found to decrease 
the maximum bubble size and increase the number of bubbles 
and their frequency of appearance. 
9ý 
Increasing the subcooling was found to displace the plot of 
Q/A vs Tw - Tb by an amount equal to the subcooling. This 
effect was also noted by Clark and Rohsenow (12), McAdams, 
(24) and Krieth and Summerfield (25). It was suggested that 
by plotting the data as Q/A vs Tw - Ts the effect of subcoo- 
ling was eliminated, i. e. the curves for various bulk temp- 
eratures at one velocity merged. This suggests that the sys- 
tem superheat required to sustain a given heat flux at a 
given velocity is independent of the subcooling. This is 
now known to be'only partially true. Hodgson (22) present- 
ed his subcooled boiling data for water as a plot of Tw- Ts 
vs Ts - Tb at constant pressure, heat flux and velocity. 
He showed that at low subcooling the superheat is virtually 
constant and independent of the subcooling but as the sub- 
cooling was increased, so the superheat decreased consid- 
erably. 
Although increasing the subcooling does decrease the super- 
heat, the effect on the heat flux is not very marked. It was 
this fact that led earlier workers to believe that super- 
heat and subcooling were independent of each other. The 
reason for the heat flux changing so little was made clear 
by'Forster and Greif (15). They showed that the amount of 
heat transferred during one bubble cycle was given by : 
3 
cL/A oc c QL MA)d L TsuG . 
4) 
R 
mau 
ý'. O T$. 
ýýr 
where f= the frequency of bubble departure. 
As the subcooling is increased, the bubble radius is decr- 
eased and the frequency of bubble departure increases, as 
pointed out by Gunther and Krieth (23). The net result was 
that increasing the subcooling by 400% produced only a 15% 
change in the heat flux. 
In pool boiling heat transfer, Bergles and Rohsenow (10) 
showed that increasing the subcooling actually increased 
the superheat at constant heat flux. They pointed out that 
this discrepancy was due to the fact that the bubble flow 
patterns were so different in pool boiling as distinct from 
21 
flow boiling and the conditions in which bubble inception 
and growth occur also differ markedly. They further showed 
that the higher the subcooling in flow boiling, the higher 
was the superheat required to initiate nucleate boiling. 
Kreith and Summerfield (8) implied the same thing when they 
showed that the inception of boiling will occur at a lower 
Q/A if the subcooling is decreased. 
. 
2.3.2. Velocity 
Gunther (26) showed that increasing. the velocity of flow 
over a surface on which subcooled boiling was occuring had 
the effect of-decreasing the mean bubble size while incr- 
easing the frequency of bubble departure. These effects were 
also noted by McAdams (24). Gunther also showed-that incr- 
easing the flow velocity caused the small hemispherical 
bubbles to change to a tear drop shape as they were dragged 
along the heated surface by thefast moving fluid. The 
sliding velocity of these bubbles was approximately 0.8 of 
the stream velocity, increasing-slightly with bubble size. 
4-- 
Chen (17) made an interesting contribution to the theory of 
the effect of-stream velocity on bubble growth. He pointed 
out that the higher the stream velocity for a given Tw - Tb 
the steeper was the temperature profile close to the wall. 
The effect of the steeper temperature profile was to present 
a different temperature environment to a growing bubble. In 
fact, the higher the stream velocity, the smaller was the 
superheat in which a growing bubble spent most of its time. 
Consequently, he introduced a suppression factor which was 
a function of the Reynolds number and ranged from 0 to 1. 
This was multiplied by the superheat to yield the effective 
superheat experienced by a bubble. In-this way, Chen was 
able to predict the effect of velocity-in saturated flow 
boiling heat transfer. 
It has been shown by many workers (8,12,25,27) that stream 
velocity has an insignificant effect on the heat flux in 
subcooled flow boiling, once strong nucleate boiling is 
established. ( i. e. at high heat fluxes. ) A plot of heat 
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flux versus superheat for various velocities shows each , 
curve for a distinct velocity merging into one general curve 
at high heat fluxes. McAdams (24) and Gunther (26) were a- 
moung the first to suggest that this was because the grow- 
ing bubbles completely disrupt the lamina sublayer. At high 
bubble growth rates, (i. e. high Q/A) this effect outweighs 
the effect of stream velocity. Forster and Greif (15) pre- 
sent a discussion of this effect and explain why the bubble 
induced-velocity is much greater than the convective stream 
velocity, even though the bubble radial velocity can be much 
less in magnitude. 
As regards the superheat required to initiate boiling, Mc- 
Adams (24) pointed out that this was increased as the stream 
velocity was increased. 
2.3.3. Pressure 
Pressure is frequently included as a variable in boiling 
correlations, its effect being to decrease the superheat 
required to sustain a given heat flux, as the pressure 
rises. McAdams (24) noted that a change in pressure from 30 
to-90 psi decreased the superheat at a given heat flux by 
10°F. Kreith and Summerfield _(25) put 
forward the empirical 
relationship :_ 
ass ol- 
whilst Jens and Lottes (29) suggested : 
ý. is ýý 
Bergles and Rohsenow (10) claimed that the heat flux at the 
inception of boiling was given by : 
/ 23 
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and again suggested that at constant heat flux, the superheat 
decreases as the pressure increases. 
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All of these correlations are of a purely empirical nature. 
When boiling correlations are developed from models of 
bubble dynamics, the actual magnitude of the pressure is 
never found in the final form of the correlation. It is not 
known whether pressure directly affects the boiling process 
or whether it only affects it via its effect upon the phys- 
ical properties of the fluid. Westwater (28) discusses this 
problem at length and favours the latter view. 
It has been pointed out(19) that the effect'of pressure-on 
superheat can be satisfactorialy explained by consideration 
of the vapour pressure/temperature curve for a given fluid. 
Because the slope of this curve always increases as the temp- 
erature increases, at pressure P1, a small degree of super- 
hedt will only produce a small change in the saturation vap- 
ourpressure : 
PZ 
Pt 
PI 
T2 
Tt TWI T2 TWZ 
'This means that at low pressures, the pressure differential 
across the vapour/liquid interface ofa bubble will be low 
compared to that at a higher pressure. This is evident since 
a'small change from temperature T2 produces a large change 
in vapour pressure. Thus it is reasonable to expect the bub- 
bles to grow faster and collapse faster at pressure P2 than 
at pressure Pl. 
Since' the heat flux is governed by the pumping action of 
the bubbles, the heat flux at Pl will be lower than at P2 
for a given superheat. To put this another way, for a given 
heat flux, the superheat required at Pl will be less than 
at P2. 
t 
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2.3.4. Surface Characteristics. 
It has long been known that the heating surface character- 
istics play an important role in bubble nucleation and his- 
tory. In this respect, the surface affects every type of 
boiling phenomenon. 
Rohsenow (14) was the earliest to include the effect of 
surface/fluid combination in his pool boiling correlation. 
He specified a'surface parameter and the contact angle 
between the vapour bubble and the surface, as the two var- 
iables. These were combined into one constant, Csf , and 
experimental values for various surfaces and fluids were 
quoted. 
Nishikawa (29) specified two parameters; the number of nuc. - 
leation sites per unit area and the "stirring length" of the 
bubble. These were later combined to give one constant, the 
", foamability ", which varied from 1 for smooth surfaces 
to 3.6 for rough surfaces. The " foamability " was again a 
function of the surface/fluid combination as in Rohsenow's 
correlation. 
Ruckenstein (30) also specified two parameters to define the 
surface, namely, the mean distance between active nucleation 
sites and the mean diameter of these sites. 
Westwater (28) concludes that at least two, and possibly 
three constants will be needed to characterise a particular 
surface. He likens the problem of the surface in boiling 
heat transfer to the problem of the surface which existed 
in radiation heat transfer before the introduction of the 
concepts of "emissivity" and "gray bodies". A similar app- 
roach is predicted for boiling heat tränsfer. 
The problems that can arise due to surface effects are clear- 
ly demonstrated in a paper by Nix, Vachon and Hall (31). 
They conducted boiling experiments for teflon coated surf- 
aces. In some cases the superheat between the heated surface 
and the water was found to decrease as the heat flux was in- 
2ý 
creased. Such anomalies are common when considering surface 
effects in boiling heat transfer. 
Other surface properties which are now known to have an 
effect, especially at high heat fluxes in subcooled flow 
boiling are the tube wall thickness and volumetric heat gen- 
eration ( in the case of electrically heated surfaces), of 
the surface. Fiori and Bergles (32) have shown that these 
quantities are important in their effect on the "heating". 
and "quenching" times of an active site as bubbles grow-and 
leave the surface. They used this approach as a basic model 
for the prediction of burnout heat fluxes in subcooled flow 
boiling. 
2.3. 'S. Dissolved Air 
Experimental results of McAdams et al. (24) with gasified 
water show that before the boiling temperature of the water 
is reached (the point of first vapour ), the heat transfer 
rate increases in much the same way as it does when degas- 
ified water boils. However, after the point of first vapour 
higher heat fluxes occur than would be expected with degas- 
ified water. At very high heat fluxes the difference again 
dissappears. Pike (33) found that at a superheat of 100°F 
the heat flux for tap water was twice that for degassed, 
distilled water and the heat flux for gasified distilled 
water fell mid-way between the two. 
McAdams' work showed that if the air concentration was mai- 
ntained below 1.5 mis/litre then no effect of dissolved air 
on the boiling curve was discernable. 
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3. THEORETICAL ANALYSIS 
To date, no united theory covering the entire range of the 
boiling process has been formulated. The theoretical models 
which are used to formulate mathematical models vary greatly 
according to whether the boiling liquid is in a pool or 
flowing system or whether subcooled or saturated conditions 
exist. Even for one particular system, models may differ 
considerably. The nature of the heating surface and its eff- 
ect on bubble nucleation is undergoing extensive experi- 
mental study and thermodynamic analyses of vapour/liquid 
exchange at the bubble boundaries are in progress. All this 
work will undoubtably lead to an analysis which can predict 
the. heat transfer rates for any type of boiling process. 
However, at the moment, the most important outcome of these 
studies is that the variables which are found to have an 
effect on bubble growth, nucleation and collapse may be in- 
corporated into empirical equations, thereby forming a sound 
basis for data analysis. 
3.1. Non-Boiling Region. 
Correlations for predicting heat transfer coefficients for 
single phase, forced convection systems are well established. 
A comprehensive review of these is given in the literature 
survey. The importance of being able to predict the non- 
boiling heat transfer coefficient for the particular heating 
arrangement used in these experiments must be stressed. This 
coefficient forms a significant part of the correlation of 
th*e boiling heat transfer data. 
For L/D ratios above 60, Prandtl numbers from 0.7 to 120, 
and Reynolds numbers from 10,000 to 120,000, the Sieder-Tate 
equation : 
Nus = o. o ZI: ý 9,6 
°'g Pý ° 14- 
tr UU( 
ptr 'Mw) 
may be used to predict the heat transfer coefficient. In the 
present study, the distance from the start of boiling to the 
point of tube wall measurement was 5 equivalent diameters. 
ý$ 
McAdams (13) points out that local heat transfer coeffic- 
ients for low L/D ratios may be calculated by multiplying 
the coefficient as calculated from the Sieder-Tate equation 
by the factor : 
( D/L °) 
where L is the distance from the start of heating to the 
point at which the heat transfer coefficient is required. 
The non-boiling correlation then becomes : 
0.1 O-Z Rf 
b 
ils (HW) Nos 
G. 
All fluid properties are calculated at the bulk temperature 
except the term Nw which is calculated at the surface temper- 
atüre. of the heater. 
.. The characteristic 
dimension used in the above correlation 
was the equivalent diameter of the flow annulus, defined as 
4x FLOW AREA 
D= 
e 
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3.2. Dimensional Analysis Approach to Subcooled Flow Boiling. 
It was decided that dimensional analysis would be employed 
in order to correlate the variables involved in the subcoo- 
led flow boiling process. The reasons for this choice were 
that the dimensionless group type of correlation requires 
only a knowledge of the non-boiling heat transfer coeffic- 
ient ( for which tried and tested correlations are availa- 
ble ) and the macro effects of known physical property var- 
iables. It was therefore necessary to decide which variables 
were to be included in the correlation. Westwater (28) claims 
there are at least 32, most of which are physical properties. 
Even Westwater omits from this lengthy list such factors as 
the contact angle of the bubble, size of the heating surface 
gravity, size of surface pits, size of break-off bubbles, 
liquid and vapour velocities, subcooling and slip velocity. 
He points out that the inclusion of all these properties 
9-9 
would lead to a dimensionless group correlation including 
some 38 groups, which clearly would be most unwieldy and of 
'little use. 
Papell(9), however, has shown that the physical properties : 
lv ) 
C* 
)ý1 
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when used in-conjunction with the system variables 
a/A, TS V, 
ýSOa v. ýJ hLY 
are sufficient to correlate subcooled boiling data for water 
" flowing in pipes. The term hnb implies the diameter D, of 
the pipe through which the fluid is flowing. Whether or not 
these variables and physical properties alone are. suffi- 
cient to correlate the data for subcooled boiling to fluids 
other than water remains to be seen. However, the quantities: 
Cv I el- ºC, FL, ý, ý. Ia /f1 ,A LJ. 6 , V, h Uail) v present themselves immediately. None of these are dependent 
on the others and so none of these quantities is superfluous. 
It was decided that no other variables need be added to this 
list in order to define the system. Reasons for omitting 
some of the other numerous variables are given. 
The system superheat, Q Ts is omitted since it is implicit 
in the terms : 
The heated length of the tube is omitted since it is known 
that this would appear as L/D in the final correlation. Due 
to the vigorous nature of subcooled flow boiling heat trans- 
fer processes, boundary layers ( of same type ) are estab- 
lished very quickly and so this term is felt to be of little 
importance. The pressure is omitted since the author holds 
the opinion that its effect on the boiling process is only 
significant because of its effect on the physical propert- 
ies of the fluid. Many other possible variables, whose simil- 
arity would be desirable, were omitted either due to lack 
1a 
of experimental data ( e. g. a measure of the number of nuc- 
leatibn sites per square foot etc. ) or due to the difficulty 
of obtaining accurate values ( e. g. surface tension and con- 
tact angle of the fluid on the. particular metal). 
r' 
Thus for subcooled boiling heat transfer in pipes, under 
conditions of forced convection, the variables : 
lI eV , et' 
C,, 
t. , -X ,ýL, al 01 Zý-T-suLI, V, D will be' used as a starting point for dimensional analysis. 
If MASS, LENGTH, TIME, HEAT and TEMPERATURE are chosen as 
the fundamental dimensions, and since there are 11 variables, 
then 6 dimensionless groups are to be expected. 
Choosing the variables : 
() .. 
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as those which will appear in only one group each, Bucking- 
ham's Pi-Theorem yields the correlation*: 
ýo ýev ý/ G ºsuý 
' -t-cr ), (Lv CL- 
For the full derivation. of this equation, see Appendix S. 
Since : 
St. = 
then, if it assumed that Re and Pr play the same role in 
the boiling as in the non-boiling heat transfer processes, - 
then equation 1 reduces to Papell's equation, namely 
If this assumption is not made however, the final form of 
the correlation is 
and this latter equation forms the basis of this work. 
Whilst surface tension is not specifically included as 
a variable, it might be implicit in the other 
variables, particularly the latent heat, with which 
it is physically connected. 
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3.3. Discussion of Dimensionless Groups Used. 
The dimensional groups Re and Pr are habitually encountered 
in heat transfer analyses; the Reynolds number expressing 
the ratio of the fluid inertia/viscous forces, and the 
Prandtl number expressing the similarity between the momen- 
tum and heat transfer processes, which are occuring simul- 
taneously. The parameter :Q/\ 
-. ev v 
depicts a correlation of boiling data obtained at a unique 
pressure level (21) and was developed by extracting simil- 
arity criteria from the basic differential equations govern- 
ing the heat transfer mechanism. The existance of. two dis- 
tinct modes of heat transfer was assumed, from the lamina 
transition layer along the wall to the bulk of the boiling 
fluid. The first mode was responsible for the heat transfer 
by turbulent mixing, as a result of the velocity gradient. 
The second mode was a measure of the heat transfer due to 
molecular mass transfer caused by bubbles departing from the 
heated surface. A detailed description of this analysis 
can be found in reference 21. This parameter is a measure 
of the. ratio of the total heat transfer away from the heat- 
ed surface to the heat transferred away from the wall by 
the "washing action" of latent heat transport of the vapour. 
It was shown by previous workers (21) that the term 
0. /A 
alone could correlate saturated flow boiling data at a 
unique pressure. However, increased pressure altered the 
intercept of the correlation. To construct a more complete 
relation, giving the effect of the fluid physical properties 
on the heat exchange in boiling in pipes, it was necessary 
to establish the connection between the ratio 
and the groups :an << 
R n(s 
CL Cý' TS 
It is encouraging to note that these similarity criteria 
32 
were arrived at by consideration of the differential equa- 
tions governing the heat transfer and momentum transfer 
processes involved. with saturated flow boiling in pipes. The 
criterion : (¬v/) 
is the same as that obtained here by dimensional analysis. 
The criterion : 
differs only in the term Ts. Since the previous analysis 
was for saturated flow boiling, it seems both logical and 
encouraging that this term now appears as : 
. -ý from the present analysis. 
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4. DESCRIPTION OF APPARATUS 
Figure 1 shows a. photograph of the apparatus and figure 2 
a line diagram. The apparatus was a closed loop design using 
e 
dkionised, degassed water as the working fluid. The water was 
pumped around the loop over a visible heating element situa- 
ted in the flow annulus of the test section. Water flowed 
vertically upwards over a round stainless steel tube set-in 
a square channel. Heating of the stainless steel tube was 
accomplished using a D. C. generator. 
4.1. Preliminary Apparatus 
Before building the full scale rig it was thought useful to 
construct a "rough and ready" test section and flow loop so 
that some of the problems which would be met. during const- 
ruction and operation could be sorted out beforehand. 
4.1.1. Description 
The original idea was to use a heated element 18" long and 
0.161" diameter, made of solid nickel-silver rod. Such a 
length was known to have the correct resistance for use with 
the fixed D. C. generator. It was also hoped that the surface 
temperature of this rod could be measured by attaching a 
small insulated thermocouple to its surface. 
The original test section was built of mild steel, the flow 
plenums being square with 12" B. S. P. inlet and outlet pipes 
welded on to allow the passage of water. The flow annulus 
surrounding the nickel-silver rod was " square and made of 
mild steel and glass. 
Current to the heating element was supplied through two 2" 
diameter copper busbars let in through the flow plenums and 
insulated using 2" O. D. polythene tubing. The heating eleme- 
nt was soldered into two 2" x. 1" diameter brass studs, thre- 
aded I" Whitworth, one stud at each end of the element. These 
were then screwed into the busbars. 
3L 
The water was pumped around the loop using a small centri- 
fugal pump, through li" polythene tubing. 
This crude pilot scale apparatus brought out the following 
points of interest : 
4.1.2. Difficulties 
1. The method used for fastening the-glass , 
to the 
flow annulus was unsatisfactory. ( Using screws to push the 
glass up against a rubber gasket. ) The glass would break if 
the screws were too tight and water would leak if they were 
too loose. 
2. The total pressure drop across the test sec- 
tion was very high due to the busb'ars partially-Obscuring 
the entrance to the flow annulus. 
3. The resistance of the nickel-silver rod was 
too high to permit full use of the generator output due to 
joint resistances in the current circuit. 
4. The use of "Subaseals" to introduce the thermo- 
couple probe was found to be unsatisfactory. Initial intro- 
duction of the thermocouple was difficult which resulted in 
its bending. 
5. The surface temperature of the nickel-silver 
rod could not be measured satisfactorialy using a surface 
thermocouple. 
6. The heating element was found to expand by as 
much as I" during the heating up process. 
4.1.3. Successes 
1. Location of the inlet and outlet thermocouples 
in the flow plenums was found to be satisfactory. 
2. The clamping arrangement used to fix the cop- 
per braid to the busbars was found to be satisfactory. 
4.1.4. Resultant Design Philosophy__ 
From these pointers and others the following conclusions 
were drawn regarding the full scale test section and heat- 
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ing element design : 
1. A tubular heating element would have to be 
used so that the temperature of the heating surface could 
'be calculated from the inner wall temperature. 
2. The flow annulus would have to be increased 
in size to 1" square to allow for this tubular heating ele- 
ment. 
3. Perspex windows could be used. 
4. The busbars would have to be tapered towards 
the entrance of the flow annulus and also the entrance reg- 
ion of the annulus enlarged as a taper to produce smooth 
flow into the annulus. 
5.. The heating element would have to be designed 
bearing in mind the joint resistances of the circuit. 
6. Allowances for heating element, expansion must 
be made in the design of the test section. 
7. A new method of sealing the thermocouple 
probe must be designed. 
8. Deionised water would have to be used to 
prevent scale formation on the heating element. 
9. Degassed water would have to be used to pre- 
vent the "boiling off" of air on the heating element. 
10. The apparatus would have to be very robustly 
built to cater for the vibrations set up during the vigorous 
boiling trials. 
U, 
4.2. Final Experimental Rig 
Figure 1 shows a photograph of the experimental apparatus 
and Figure 2a line diagram of the same. 
A stainless steel tank acts as a feed and surge tank and is 
fitted with thermostatically controlled heaters. The fluid 
is drawn from the tank and pumped around a closed loop to 
return to the tank. After the pump the fluid passes through 
a pressure release valve, a line filter, two rotameters in 
parallel and thence to the test section shown in Figures 3 
and 4. The test section may be bypassed. Upon leaving the 
test section the fluid passes through a cooler and thence 
back to the tank. The entire loop may be bypassed if desired. 
The fluid may be diverted to pass through a batch degasse. r 
after the pump should this be necessary. 
Nitrogen purge facilities, and full instrumentation of the 
test section are provided. 
4.2.1. Test Section 
The test section was constructed as a stainless steel hous- 
ing with perspex windows. See Figures 3,4 and S. Heat tran- 
sfer took place from the outside of the heated tube to wat- 
er flowing through a square duct. The perspex windows were 
screwed to the stainless steel and sealing was accomplished 
using rubber gaskets and-the sealing compound, "Silcoset", 
manufactured by I. C. I. Ltd.. 
Sealing between the flow annulus and the'inlet'and exit flow 
plenums was achieved using-110" rings. The "Tufnel" insul- 
ating end plates were screwed to the flow plenums and sealed 
with "Silcoset". Sealing around the busbars was achieved 
using a graphite string packing which allowed the busbars 
to move as-the heating element expanded or contracted. 
Figure 6 shows the arrangement used for moving the thermo- 
couple probe across the flow annulus towards the heating 
FIGURE 1. EXPERIMENTAL APPARATUS 
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element. Sealing was achieved using "0" rings and a silicon 
rubber flap valve', 1/16" thick. 
On the opposite side of the test section to the thermocou- 
ple probe, pressure tapping points were drilled every 1? " 
along the flow annulus. Pressure tappings were also made in 
the inlet and outlet flow plenums. These latter. also served 
as outlets for the inlet/outlet bulk temperature thermo- 
. couple wires. 
A brass flow straightener, 41" long was placed in the entr- 
ance of the flow annulus. This reduced the oscillations in 
the manometer. readings to an acceptable level. 
4.2.. 2. Heating Element 
A diagram of the heating element is shown in Figure 7. The 
heated portion was a short stainless steel ( type 347) tube 
ä" O. D. and 0.345" I. D.. Brass shorting bars were brazed to 
the end of this tube and carried the current from the copper 
busbars to the element. The length of the heated element was 
defined by the output of the generator and was such that its 
resistance was 8800 micro-ohms. ( See Appendix 1. ). The. 
shorting bars were threaded at each end and screwed into the 
busbars. The busbars were tapered ( see Fig. 4) to allow the 
smooth passage of water into the flow annulus. A hook was 
brazed onto the lower busbar and this was fixed to a wire 
tensioner which in turn was fastened to the floor. In this 
way any problems due to expansion of the tube were overcome. 
The hook was insulated using polythene tubing. The heating 
element was insulated from the test section and earth by 
mounting the busbars in "Tufnel" end plates. The uppermost 
shorting bar was drilled ä" to allow-passage of the thermo- 
couple wires from the inside of the heating element, see Fig- 
ure 7. 
4.2.3. Power Supply 
An AC/DC motor/generator, rated at 19.2 Kw and 12 volts was 
used as the power supply. This had a seperately mounted exci- 
ter which was belt driven from the main shaft. The output 
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from the generator was controlled using two rheostats. A 
slide resistance of 640 ohms was placed in the field current 
of the exciter and one of 172 ohms in the field current of 
the generator. The generator was mounted on anti-vibration 
mats and was fitted with a remote stop button for safety 
reasons. Power was transmitted to the vicinity of the test 
section by means of 3" x 11" high conductivity copper busbars 
which were rigid to the generator. The power was transmit- 
ted from these busbars. to the heating element using. flexible- 
copper braiding, 1" x 8" . The method of clamping the braid 
is given in Appendix 1. A diagram of the electrical power 
supply circuit is shown in Figure 8. 
The current flowing from the generator was measured using 
a precision shunt giving 75 mV'at 2000 amps. 
4.2.4. Pump 
A Hayward Tyler, glandless motor, centrifugal pump, capable 
of delivering 15 gal/min against 120 ft head was used. The 
pump was made of stainless steel and fitted with a coil-in- 
coil cooler. The pump was secured to a concrete block which 
in turn was secured to the floor of the laboratory. 
4.2.5. Receiving and Delivery Tank 
The receiving and delivery tank was a square, lidded tank 
constructed of welded stainless steel. The tank capacity 
was 50 gallons which was adequate to prevent vortexing due 
to pump suction. The tank was placed 12 feet above the pump 
to provide a positive suction head at the maximum flowrate. 
The pressure at any point in the rig was, therefore, kept 
above atmospheric to prevent air entrainment. The tank was 
fitted with high and low level indicators to facilitate the 
filling and degassing procedures. Two 6 Kw immersion heat- 
ers were fitted into the sides of the tank to enable quick 
heating of the water. These had to be coated with epoxide 
resin to prevent water contamination. The water outlet from 
the tank was made flush with the bottom to prevent water 
being trapped in the tank on emptying. 
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Facilities for filling the loop with nitrogen gas were in- 
cluded to prevent the dissolution of . oxygen in the water 
whilst filling. A continuous supply of nitrogen was avail- 
able to the space above the water in the tank for the same 
reason. 
4.2.6. Degasser 
A-batch degassing unit was designed and built into the. loop. 
See Figure 9. This consisted of a large mild steel 80 gallon 
tank capable of withstanding a vacuum of 25" 11g. The inside 
of the vessel and the flanged lid were flame sprayed with 4 
thou. of aluminium to prevent corrosion, by Metallizing Ltd. 
Wäter'was sprayed into the vessel through four 16 gall/hour 
nozzles, supplied by Pillingers Ltd. The vacuum in the vess- 
el, was achieved using the laboratory vacuum ring main, supp- 
lied by an Apex vacuum pump. With this set up, the dissolved 
gas content in the circulating water could be brought below 
1 ppm. 
4.2.7. Cooler 
A QVF, HE 6/10, condenser/cooler was installed in the pipe- 
line immediately downstream of the test section. The max- 
imum working pressure of the cooler was 40 psig, which was 
well above the maximum pressure reached at this point in 
the loop. Mains water, flowing countercurrently through the 
tubes, was used as coolant. 
4.2.8. Pipework 
The pipework was constructed using P. V. C. tubing supplied by 
the Le Bas Tube Co. Ltd, the main flow loop being 13' B. S. P. 
Joints were threaded and GF uPVC pipe 'fittings were used 
throughout. Le Bas angle seat valves were used for the three 
flow control valves, all others being the same company's ball 
valves. A line strainer, of mesh size 0.5 mms. was placed 
downstream of the pump, after the pressure release valve. 
This latter was a stainless steel angle relief valve obtain- 
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ed from Brooks and Walker Ltd. with a variable relief press- 
ure from 20 to 60 psig. 
At the pressures used in the experiments, the P. V. C. tubing 
and fittings were safe up to water temperatures of 700 C. 
4.2.9. Deioniser 
A Permutit Mk. 7 portable deioniser was used while filling 
the supply tank. This had a throughput of 12 galls/hour and 
produced water with a conductivity of less than 1 micromho. 
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4.3. INSTRUMENTATION 
4.3.1. Flow Measurement 
All flow measurement was achieved using rotameters supplied 
by Rotameter Ltd. 
The flow through to the test section was controlled by means 
of two rptameters in parallel, 10-100 litres/min and 1.8-20 
litres/min. Water flow to the degassing unit was via an inst- 
rument calibrated 5-50 galls/hour. 
The cooling water to the QVF heat exchanger was metered by 
another, calibrated 1-10 litres/min. The nitrogen purge 
rate was metered through'a rotameter calibrated 0.6-5 Tits/ 
min. 
The main loop rotameters had been calibrated for water at 
20°C and corrections for density variation with temperature 
were applied. ( See Appendix 2) 
4.3.2. Pressure Measurement 
All static pressure measurements were made using Bourdon 
gauges. 
Pump delivery and degasser feed pressures were measured on 
gauges calibrated 0-100 psig. Static inlet and outlet pres- 
sures in the test section flow plenums were measured on 
gauges calibrated 0-30 psig. The vacuum on the degasser tank 
was measured using a compound gauge calibrated 0-30" Hg vac., 
0-60 psig pressure. 
Pressure drops in the flow annulus were'measured using 8 
glass manometers filled with "Igema" fluid manufactured by 
Elliott Brothers Ltd. This had a specific gravity of 1.5. 
Pressure drops from the inlet flow plenum to the first tap- 
ping and from the last tapping to the exit flow plenum were 
measured using mercury manometers. See Figure 4. 
41 
4.4.3. Temperature Measurement 
The temperature across the test section. was measured using 
two copper/constantan thermocouples located in the inlet and 
outlet flow plenums. These were connected back to back there- 
by producing a voltage proportional to the temperature rise. 
This voltage was measured using a Comark, type 1222, D. C. 
microvoltmeter. The instrument could be calibrated such that 
the full scale deflection corresponded to any. temperature 
rise required. The instrument was normally used with a 10°C 
rise as full scale deflection. Anything less tended to make 
reading of the instrument difficult due to its sensitivity 
magnifying small temperature changes in the fluid. 
To measure the temperature of the water at the point of 
interest a chromel/alumel thermocouple, manufactured by Pye- 
Unicam was used. This was I mm O. D. and sheathed and insul- 
ated by stainless steel. It could be moved across the flow 
annulus as shown in Figure 6. Output from this thermocouple 
was measured using a Solartron LM 1420 digital volt meter, 
in parallel with a Kent Multelec Mk. 3 recorder. To measure 
the temperature of the heating surface, two teflon insulat- 
ed Cu/Con thermocouples were placed inside the heated tube 
and the temperature drop across the wall was calculated to 
yield the surface temperature. ( See Appendix 3). The arran- 
gement of these thermocouples is shown in the inset of Figure 
7 and also in Figure 4. Difficulty in insulating these from 
the wall was experienced and overcome by coating both the 
teflon plug and the thermocouple beads with polyurethane 
varnish. The two thermocouples consistantly recorded temper- 
atures within 0.25°C of each other. The output of these ther- 
mocouples was again measured using the digital voltmeter and 
chart recorder. 
The temperature of the water in the storage tank was meas- 
ured using a Coley, rotary temperature indicator graduated 
30-100°C. -The degasser feed temperature was measured using 
a mercury in glass thermometer.. 
If3 
All thermocouple compensating leads were sheathed and scree- 
ned using mild steel flexible conduit and were led to a 
rotary selector switch. No induced voltage effects due to the 
generator were detected. 
All thermocouples were checked for accuracy against a Cr/Al 
thermocouple manufactured and calibrated by Pye-Unicam. Where 
necessary, thermocouples were recalibrated. 
4" 
S. OPERATION OF APPARATUS 
Prior to filling the apparatus with water, the pipework was 
purged with nitrogen at a rate of 5 litres/hour for I hour. 
This procedure was carried out because it was found that the 
water from the deioniser was generally 60% saturated with 
oxygen and it was, considered worth while to prevent complete 
saturation ocurring. 
5.1. Filling With Water. 
The water used in the apparatus was obtained from a labor- 
atory recompression evaporator. This distilled water had a 
conductivity of approximately 30 micromhbs. This figure was 
considered too great to inhibit scale formation. on the heat- 
ing. element. Thus this water was pumped through a portable' 
Mk. 7 deioniser at a rate of 12 gals/hr directly into the re- 
ceiving tank of the apparatus. At the exit of the deioniser 
the water conductivity was generally 0.8 to 1 micromhos. 
During this operation, valve 1 was shut. ( See. Figure 2 ). 
When the receiving tank was full, valve 1 was slowly opened, 
valves 2,3,4 and 5 all being closed. The centrifugal pump was. 
fitted with a bleed valve and thus water from the tank flu- 
shed through. As soon as the pump was full, the bleed valve 
was closed and the pump started for 2-3 secs. The bleed 
valve was then opened again and the air allowed to escape. 
This operation was repeated two or three times until the 
pump was completely primed and free of air. The cooling wat- 
er valve was then opened and the pump started continuously. 
Valves 8,9,10,11 and 12 were then opened fully and valve 
4 was gently cracked open. In this way the water slowly fil- 
led the main flow loop. Valve 6 was set" to return the degas- 
ser feed to the pump suction line and valve 5 was slowly 
opened. 
Valve 3 was cracked open to bleed the bypass line of nitro- 
gen. It was found that if the bypass valve was opened too 
far, the pump suction pressure fell below atmospheric press- 
4. 
ure facilitating the entrainment of air. For this reason, the 
bypass line was rarely used. 
Nitrogen gas was continually fed to the top of the tank to 
keep the oxygen level above the water to a minimum. 
The water was circulated around the loop in this way for 
hr. to ensure that all trapped gases in the loop had been 
removed. The glass heat exchanger provided a visual means of 
detecting gases in the water. The conductivity meter normal- 
ly showed between 0.8 and 2 micromhos at this time. 
A sample of water was taken from the tank and the dissolved 
air content determined using the standard Winkler analysis. - 
( See Appendix 4 ).. The water was generally found to be 80- 
90% saturated with air at this time. 
5.2. Degassing 
The main flowrate was set to 40 gals/min,, whilst valve 3 and 
the test section bypass valve, 11, were shut. The tank imm- 
ersion heaters were switched on and the temperature of the 
water allowed to rise to 68°C, this operation taking about 
1 hour tp perform. The heaters were then switched off and 
the generator started. The power input to the heating elem- 
ent was then set at 3 Kw. 
These settings of flowrate and power were found to be suffi- 
cient to keep the water temperature at 69°C. Should the temp- 
erature of the water start to rise above 70°C then the cool- 
ing water to the QVF heat exchanger could be turned on to re- 
duce the temperature to normal. 
The vacuum pump was started and the bleed valve on the de- 
gassing tank adjusted to give a vacuum of 22.5" Hg. The two 
way valve, 6, was shut and then slowly turned to allow the 
degasser feed water to pass through the sprays into the de- 
gassing chamber. With valve 6 fully opened, the degasser 
feed pressure was 58 psig and the flowrate, 35 litres/min. 
4L 
During the degassing process, the feed water pump from the 
deioniser was switched on thereby supplying the storage tank 
with fresh deionised water. In this way, 50 gallons of de- 
ionised water could be degassed without vortexing of the 
main pump ocurring.. 
After 1 hour, valve 6 was again adjusted so that the degas- 
ser feed was again diverted to the pump suction line. The 
generator was cut out and the vacuum pump switched off. At 
this time there would normally be 3" of water left in the 
main tank, i. e. about 3 gallons that had not been degassed. 
The pump was stopped and the water remaining in the tank was 
-syphoned away. Valve 7 was opened and the degassed water 
allowed to return to the storage tank under gravity. . 
The water was sampled again and tested for dissolved air. 
Generally, the concentration would be between 1 and 3 ppm. 
For normal boiling heat transfer runs this was considered 
satisfactory but for photographic studies, the degassing 
operation was repeated bringing the dissolved air content 
below 1 ppm. See Appendix 4 for typical degassing results. 
5.3. Obtaining Experimental Results 
The thermocouple cold junction was filled with an ice/water 
mixture and the digital voltmeter zeroed. The Comark micro- 
voltmeter was calibrated using a potentiometric bridge to 
give a full scale deflection corresponding to 10°C. Depend- 
ing upon the bulk temperature of the water entering the test 
section, this could vary between 0.405 and 0.428 mV at full 
scale. The following settings were used to calibrate the 
meter : 
Bulk temp r' of water 
at test section inlet 
Voltage corresponding 
to full scale deflec- 
tion of-10°C 
20 -. 30 0.4.0.5 mV 
4.1 
30 -40 0.412 mV 
40 -50 0.421 mV 
50 -60 0.428 mV 
The pump and generator were started and single phase heat 
transfer results were obtained by increasing, then decreas- 
ing the heat flux at constant flowrates. 
. For boiling heat transfer results, the water was boiled vig- 
orously on the heating element for I hour prior to taking 
any readings. This ensured that any gases trapped in the 
nucleating cavities were removed or brought down to a lim- 
iting level. Care was taken to ensure that at no time did 
the heat flux fall low enough to prevent nucleation on the 
heating element. This precaution avoided most hysteresis 
effects due to the activation of nucleation sites. The bulk 
temperature of the circulating fluid was controlled using 
the QVF heat exchanger. 
The thermocouple selector switch was set to one of the two 
wall thermocouples and a step change in heat flux applied 
by increasing the field current to the generator using the 
rheostat provided. 
The output from the wall thermocouple was recorded on the 
Kent chart recorder and was seen to increase asymtotically 
to some constant value. This procedure usually took from 3 
to. 4 mins. ( See Figure 10 ). After this time, the flowrate, 
voltage and amperage to the heating element, static inlet 
and outlet pressures to the test section were recorded. 
Using the selector switch, the two wall temperature thermo- 
couple outputs, and also the bulk temperature in the fluid 
next to the wall thermocouples, were recorded. The tempera- 
ture difference across the test section was recorded from 
the microvoltmeter. At high flowrates and low heat fluxes, 
the temperature difference was often too small to measure, 
being in the order of 0.1 to 0.2 °C and fluctuating by the 
same amount. This problem only arose during the single phase 
runs since then the heat fluxes were necessarily small. 
4t 
If, during the single phase runs, the onset of boiling ocu- 
rred after a change in heat flux, this was easily notice- 
able on the chart recorder.. See Figure 10. 
The water conductivity was recorded and if this was found 
to be above 10 micromhos after degassing then the water was 
changed. 
. 
No deposition was noted. on the heating element. after numer- 
ous hours of operation. 
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6. RESULTS 
6.1. Non-Boiling Results 
0 
A total of 207 non-boiling results were performed. For each 
run, the flowrate, inlet and outlet pressures, temperature 
difference across the test section, bulk temperature and 
inner wall temperatures were recorded. The voltage'and amp- 
erage to the heating element were also recorded. 
The range of variables was as follows : 
Pressure - 5-10 psig 
Velocity - 0.96 - 10 ft/sec 
Q/A - 58,000 - 400,000 BtU/ft2hr 
Re - 10,000 - 100,000 
Pr - 2.7 -5 
All non-boiling results are to he found in Appendix 6. 
6.1.1. Specimen Calculation 
Non-boiling run number 55 will be'used as an example. 
Flowrate = 35 litres/min 
Volts = 3.8 volts 
Amps = 320 amps 
Pin 5.1 psig 
Pout, 4.9 psig 
= T 3.79 mV ( Cu/Con ) iW 
TW2 = 3.795 mV ( Cu/Con ) 
Tb = 1.02 mV ( Cr/Al ) 
Tube O. D. = 0.377" 
Tube I. D. = 0.349" 
Heated Length = 3.75" 
Area for Heat Transfer = 3.1412 x 0.377 x 3.75 
12 x 12 
= 0.0308 ft2 
SD 
Flow area =1-3.1412 x 0.3772 / 
144 
4 
= 0.00615 ft2 
Equivalent Diameter =4x0.00615 x 144 
4x3.1412 x 0.377 
0.685" 
= 0.057 
Power Input = 3.8 x 320 watts 
= 4150 BtU/hr 
Heat Flux Calculated From Power/Input 
_ . 
4150 
0.0308 
= 133,500 BtU/ft2hr 
Correcting Flowrate for Density 
( 'See Appendix 2) 
Flowrate = 35 xý -4. y6 ý- go) .....:.. (1) 
Bulk Temperature = 1.02 mV ( Cr/Al ) 
= 77.83 °F 
Calculating in equation (1) @ 77.83°F and (10at 20°C 
Corrected Flowrate = 35.8 litres/min 
= 4720 lb/hr 
Temperature Rise = 0.51°C = 0.51 x 1.8 OF 
Taking Cp of water at 77.83°F as 1.0 : 
Heat'*Input to Water = 4720 x 1.0 x 0.51" x 1.8 
= 4340 BtU/hr 
Heat Flux. Based on Temperature Rise 
= 140,800 BtU/ft2hr 
61 
Error in Heat Balance = 140800 - 134500 x 100 % 
140800 
= 4.5 % 
All heat fluxes were calculated using the power input figure. 
For the non-boiling data the error was never greater than 8% 
this being due mainly to the very low values of temperature 
rises encountered at high flowrates and low heat fluxes. 
Inner Wall Temperature =(3.79 + 3.795 )/2 
= 3.7925 mV ( Cu/Con ) 
= 194.5 °F' 
Thermal Conductivity of Stainless Steel = 9.4 BtU/ft2hr°F/ft 
@ 194.5°F 
Temperature Drop Across Wall = 
Q/A x ro 2 
0.5 - 
ri [r0 
In kW 
r02 _. ri2 ri 
See Appendix 3. 
Therefore d Tw = 134500 x 0.1885 
0.5- 
0.17452 
In . 
1885 
9.4 x 12 0.18852. -0.17452 . 
1745 
= 225 x(0.5 :-0.465 ) 
= 8.04 0F 
Therefore Two = 1945 - 8.04 
= 186.46 °F 
Using the Sieder-Tate Equation to Correlate Results 
O. 8 t13 0"I4 Q 
u. s =. O. C) 2 RE6 
2c ( 
wý I+ 'ý> /L t'. G . 
V2 
Tb = 77.83 °F At this temperature,. Rely = 20,161 
Pr b=5.99 
ýCelpw = 2.78 
L= Distance from start of heating to wall thermocouple 
= 3.5" 
Therefore (1+ (D/L) 
0.7 )=1.32 
Bence :. NusfC = 0.027 x 201610.8 x 5.991/3 x 2.780.14 x 1.32 
= 103.5 
Therefore : 
hfc = 103.5 x k/D = 1285.9 BtU/ft2hr0F 
Experimental Heat Transfer Coefficient = (Q/A)/(Two-TU) 
= 134500 
186.46 - 77.83 
= 1240 BtU/ft2hr0F 
Therefore error in Heat Transfer Coefficient 
= 1240 - 1285 
1240 
_ -3.7 % 
Summary 
Experimental Heat Flux = 133,500 BtU/ft2hr 
Calculated Heat Flux = 1285.9 x (186.46 - 77.83) 
= 139100 BtU/ft2hr 
Error in Heat Flux = -3.7 % 
The non-boiling data is shown plotted as Q/AeXp vs Q/Acalc 
in Figure 11. 
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6.2. Boiling Results 
41 
A total of 219 boiling runs were performed. For each run, 
the flowrate, inlet and outlet pressures, temperature diff- 
erence across the test section, bulk temperatures and inner 
wall temperatures were recorded. The voltage and amperage to 
the heating element were recorded as was the water conduc- 
tivity. 
The dissolved air content was measured prior to each days 
results being taken and degassing carried out as necessary. 
See Appendix 4. 
The range of the variables was as follows : 
. Pressure -5- 10 psig 
Velocity - 0.96 - 10 ft/sec 
Heat Flux - 173,000 - 1,446,000 BtU/ft2hr 
Reynolds No. - 10,000 - 100,000 
Prandtl No. - 2.5 -5 
Subcooling - 122 - 135 
°F 
All-boiling results as taken can be found in Appendix 7. 
6.2.1. Specimen Calculation 
Run No. 22 will be used as a typical example. (See App. 7) 
Flowrate - 25 litres/min 
Voltage - 8.1 volts 
Amperage - 770 amps 
Inlet Pressure - 5.0 psig 
Outlet Pressure - 4.9 psig 
ýS*4 
Temperature Rise - 3.64 
°C 
Twil - 6.98 mV (Cu/Con) 
Twi2 - 6.97' mV (Cu/Con) 
Tb - 1.555 mV (Cr/Al) 
As shown in section 6.1.1. 
Ah - 0.0308 ft2 
Af - 0.00615 ft2 
De-0.057 ft 
Power input = 8.1 x 770 x 3.414 
= 21,250 BtU/hr 
Heat Flux Calculated from Power-input = 21250/0.0308 
= 691,330 BtU/ft2hr 
Correction of Flowrate for Density ( See Appendix 2) 
Corrected Flowrate = 25 x 
e¢° ý9' eý° 
e Cý .6-e 
Bulk Temperature = 1.555. mV (Cr/Al) = 101.6 OF 
Therefore in equation (1) = 61.97 lb/ft3 
Therefore corrected flowrate = 25.06 litres/min 
= 3280 lb/hr 
Temperature rise = 3.64°C = 6.55°F 
Specific Heat of water at 101.6°F = 0.997 BtU/lb°F 
Therefore heat flux based on temperature rise 
= 3280 x 0.997 x 6.55 
0.0308 
= 695,000 BtIJ/ft2hr 
Therefore error in heat balance = 695000 - 691330 x 100 % 
691330 
= 0.53 % 
All heat fluxes were calculated using the power input figure. 
5s 
The maximum error found was 5.09 %. 
Thermal Conductivity of Stainless Steel = 
9.07 +2x Tw x 10-3 BtU/ft2hr(°F/ft) 
Inner wall temperature = (6.98 + 6.97)/2 mV (Cu/Con) 
= 314.4 °F 
Therefore KS/s = 9.69 BtU/ft`hr(°F/ft) 
Temperature' drop across wall (See Appendix 3 and 6.1.1) 
= 33.6°F 
Therefore T140 = 280.8°F 
Using the Sieder-Tate equation to calculate hnb (See 6.1.1) 
at 101.6°F : 
Reb = 
Prb = 
ptrfpw = 
Therefore Nusnb = 
At 101.6°F khater 
18690 
4.451 
3.433 
154.53 
0.36 BtU/ft2hr(°F/ft) 
Therefore hnb = 154.3 x 0.36 
0.057 
1055 BtU/ft2hr0F 
Calculation of expected heat flux using : 
ý'w'ý 
C 
ý" ý 0"50 ( a/ß U'Gý  o"`ýp 
) 
!Sss --A(vV 6 
which is the correlation derived from other workers results 
(See 6.4). 
This equation may be manipulated to yield the heat flux ex- 
plicitly : 
OA 
fý 
rl 6 it v 
CTw 
-7tr) Ct ft 
eý -e 
---- 
(2-) 
6(. 
The Prandtl Group is to be calculated at the mean film temp. 
Tf ( Two + Tb )/2 
280.87 + 101.6 
2 
= 191.23 °F 
Prandtl Group at this temperature = 2.019 
All other physical properties are evaluated at the -satur- 
ation temperature. 
Mean System Pressure = (5.0 + 4.9)/2 
= 19.65 psia 
Therefore Ts = 227.06°F 
At this temperature': 
= 960.7 BtU/lb 
eV = 0.049 lb/ft3 
Cp = 1.007 BtU/lb°F 
6- = 62.29 lb/ft3 
V must be in units of ft/hr since ((Q/A)/>CvV) is dimension- 
less. 
Therefore V= 8560 ft/hr 
Therefore : 
960.7 
1.007 x (227.06 - 101.60) 
= 7.58 
Qv 0.049 
p 0.00083 
62.29 
( C'v v! = 960.7 x 0.049-x 8560 
= 403,000 
54 
Substituting these values into equation (2) : 
Q/Acaic 678,914 Btufft2hr 
Therefore error in Q/Aexp according to correlation 
691335 - 678914 
=x 100 % 
678914 
= 1.8 $ 
The errors ranged from -40% to +40% though most of the results 
were in the range + 30 %. This is discussed in full in Chap- 
ter 8. 
A plot of Q/Aexp vs Q/Acalc for the boiling data is shown in 
Figure 13. The calculated values were obtained using the cor- 
relation derived from data collected from other workers. 
This is developed fully in sections 6.3 and 6.4. 
Figure 12 shows a plot of hboil/hnb vs Q/cjaC, Y at constant 
pressure and subcooling. The slope of this line is found to 
be 0.70. This is discussed in Chapter 8. 
A series of runs was carried out to demonstrate the effect 
of dissolved air on the boiling process. For these runs, the 
flowrate and heat flux were maintained constant and the bulk 
temperature of the fluid allowed to rise to 70°C. This pro- 
cedure. was repeated with varying quantities of dissolved air, 
from less than 2 ppm to 10 ppm. The results as taken are re- 
corded in Appendix 7. A plot of superheat vs subcoöling is 
shown in Figure 14 for varying quantities of dissolved air. 
Photographic results were taken to demonstrate qualitativ- 
ely the effects of subcooling, flowrate and heat flux on 
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bubble population and size. A Praktica 35 nim camera was used, 
such that the total-field depth photographed was 12 rams. Ill- 
umination was by means of an electronic microflash with an 
estimated flash duration of 1/40,000 of a second. The photo- 
graphic results are not included in full, some are shown in 
Figures 15,16'and'17. 
Results were taken to demonstrate the hysteresis effects due 
to velocity or heat flux. These are recorded in Appendix 7. 
Figures 18 and 19 show the results graphically.. 
6.3., Sources of Other Data 
The data used in this analysis, besides that obtained at 
this university, includes experimental data for water ( 11, 
22,9,34,35,25,12) ,ý Ethyl--Alcohol -(11), 
Iso-Propyl Alcohol--. 
(11), Butyl Alcohol(8), Ammonia (36), Aniline(8) and Hydra- 
zine (37). An additional 664 data points have been obtained 
from the literature. 
Values of P, TWi, Tb, V, Q/A, Ts, Af, Ah and D and the par- 
ticular non-boiling correlation pertinent to the data can 
be found,. in Appendix 8. 
Table 1 shows a comprehensive survey of the data employed. 
The physical properties of the fluids involved were mainly 
obtained by courtesy of B. P. Chemicals Ltd. and Shell Chem- 
icals Ltd-. These and other sources of physical property'=data 
are given in Table 1.. 
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Details of the interpolation formulae used in calculating 
the physical properties are given in Appendix 9. 
It will be noticed from Table 1 that six different heating 
surfaces were used. Stainless steels, types 304,321 and 
347, Inconel X, Nickels L and A. The latter three metals 
. account 
for some 28% of. the data. 
The geometries of all the test sections may be classified as 
one of three main types. These are, upward flow through a 
circular pipe, upward flow through a square section tube 
with rounded corners and horizontal flow over a small heated 
strip. The latter two geometries account for some 27%of the 
data. 
Data provided by'experimental work at this university pre- 
sents another geometry, namely, upward flow through a square 
duct over a concentric heated round tube. 
6.4. Data Reduction 
The data reduction was carried out using an ICL 1905 F 
computor. Source programs were written in Algol or Fortran 
depending on the suitability of each particular language to 
the analysis to be performed. 
The first decision to be made was whether the design proced- 
ure was to be of the interpolation type, or of the dimen- 
sionless group type. It was decided that the latter type, 
withthe equivalent diameter and bulk velocity as the chara- 
cteristic parameters, was the most satisfactory. The reasons 
bo 
for this were quite obvious. The superposition and interpo- 
lation techniques require the knowledge of, the pool boiling 
heat flux, the non-boiling heat flux and the heat flux at 
the inception of boiling before they can be used. With the 
dimensionless group type of correlation, only the non-boil- 
ing heat flux is required for which there are tried and test- 
ed correlations available. 
Before any data could be analysed it was necessary to deve- 
lope interpolation formulae for the physical properties of 
the liquids. Where the form of the interpolation formula was 
not known,. a tenth order polynomial was used to fit a curve 
to the experimental physical property data. This was done 
because of the ease of fitting a polynomial mathematically 
and because, in all cases, it was found to be sufficiently 
accurate. Experimental values for vapour density could not 
be found in the literature with the sole exception of water. 
These were therefore calculated with the aid of a Lyderson 
chart. For all other physical properties, experimental val- 
ues were available. Appendix 9 contains all interpolation 
formulae for the liquids used in this thesis. 
For subcooled boiling data in the literature to be useable, 
it was necessary that the equivalent diameter of the test 
section be given, together with experimental values of the 
heat flux, bulk velocity, degree of subcooling and system 
pressure. - In the case of all the data used in this analysis 
the correlation for the single phase, forced convection heat 
transfer coefficient in the test section was also given by 
the relevent worker. Appendix 8 lists all the data used for 
('1 
the benefit of any future workers in this field. 
-In Chapter 3 it 
tj. 6)( 
a/A 
. are sufficient 
iables involved 
transfer. 
was shown that the dimensionless groups : 
)(tY&! VVD¬ 
to account for the macro effects of the. var- 
in the process of subcooled boiling heat 
The nature of the problem of correlating all the data dema- 
nded that separate computor runs be carried-out for each 
liquid or set of data involved. These runs wrote away to 
magnetic tape all the dimensionless groups pertinent to this 
analysis (i. e. as above) and other groups that were of in- 
terest when checking other workers correlations. ( See Chap- 
ter 7). The temperature at which the physical properties 
should be evaluated was in some doubt at this stage. To av- 
oid un-necessary computor runs, all groups that contained 
physical properties were evaluated at three different tempe- 
ratures. Firstly, the saturation temperature, secondly the 
bulk temperature and thirdly the mean film temperature. This 
latter quantity is defined as (Tb + Tw)/2.. Some properties 
also had to be calculated at the wall temperature for use in 
the Chen correlation (17) and the Sieder-Tate equation (4). 
When all the data had been reduced in this way, a multiple 
regression analysis program was employed to calculate the 
values of the exponents to which the various groups should 
be raised. This program minimised the square of the error 
&2 
between the dependent variable ( always hboil / hnb ) and the 
collection of groups being used to correlate the dependent 
variable. The use of the program was extended to plot the 
results as-a graph of calculated heat flux versus the exper- 
imental heat flux. In this way, a visual appreciation as 
well as a mathematical appreciation was obtained. 
A preliminary run showed that in fact, the exponent on the 
Reynolds number was 0.057 and that on the Prandtl number, 
. 
0.49, instead of zero which would be the case if these grou- 
ps played the same role in boiling as in non-boiling heat 
transfer. However, since the exponent on the - Reynolds. number 
was so small, it was decided to drop this term from the cor- 
relation. This was done without any loss in accuracy and the 
resulting correlation : 
bo 06' 0"(04 ev 
ýný 
S 
%evv 
S 
C'pýsýl, eL 
ss 
is shown graphically in Figure 20. 
All physical properties in the above equation were calcul- 
ated at the saturation'temperature corresponding to the sys- 
tem pressure. It was found that if the Prandtl group were 
calculated at the mean film temperature, the scatter of po- 
ints was reduced and the resulting correlation more accur- 
ate 
0- -4 
C, V 01 
Figure 21 shows this correlation graphically. 
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Other temperatures, such as the wall or bulk, were also tried 
in various sensible combinations. however, the latter correl- 
ation, with the Prandtl group calculated at the mean film tem- 
perature, was found to be the best. Unfortunately, use of this 
correlation requires the knowledge of the wall temperature in 
order to arrive at the mean film temperature. Thus'in some 
applications, iteration is necessary. The problem is notn*ser- 
ious however, provided a sensible approximation to the wall 
temperature is used as a starting point. 
Figure 22 shows all the data, including the data collected by 
the author, plotted according to the correlation : 
0'ý6 0.60 0.50 0969 *A ev 
Q, V v 
/This correlation is seen to differ very little from that used 
previously to correlate other workers'. data. This, the final 
form of the correlation- has been derived using 664 data points 
from the literature and 219 data points obtained by the author, 
a total of 883 observations. 
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7. USEFULNESS OF OTHER WORKERS' CORRELATIONS 
It was decided that it would be a relavent exercise to check 
previous boiling correlations with reference to subcooled 
boiling data published in the literature. Three sets of data 
were chosen for this purpose : 
(a) Water data (9) 78 values' 
(b) N-Butyl Alcohol data' (8) 57 values 
(c) Liquid Ammonia data (36) 25 values 
Thus-an inorganic, organic and cryogenic fluid has been used 
as a basis for comparison. 
Correlations by Shaw, Sterman, Papell, Badiuzzaman, Hodgson, 
and Chen ( suitably modified ) were tested. No other correl- 
ations were checked since they were either tedious to use and 
required either a graphical solution ( 10,15 )( not adaptable 
for computor ), or were clearly applicable to water data only. 
7.1. Shaw's Correlation : (From this thesis) 
0C, 
0" 1 a., 
Q/R o"bS 0"60v o"69 
V5cQ 5ýb S 
ýý 
This was derived from 664 data points measured by previous 
workers for various liquids. Figure 23 shows the data plotted 
as Q/Acalc versus Q/AeXp. Obviously, the agreement is good 
since the same data was used to derive the equation. 
7.2. Sterman's Correlation (21) 
CO 
O 
r- 
O 
to 
O 
to 
O 
J 
CE 
U 
o 
O 
M 
0 
r--I 
N 
0 
Fig 23 
9HtiW'3 CO ELRTICJ rC° SCSCOCLED FLOW 6CILIN; OF LICUIC3. 
102 103 i04 
Q/A-EXP 
105 1013 1O' 109 
GS 
This was derived from data for ethyl alcohol and water in for- 
ced convection saturated boiling. Figure 24 shows this correl- 
ation graphically. `As can be seen, the errors involved when 
using this correlation for subcooled flow boiling are large, 
though in some cases the correct answer may be predicted. 
7.3. Papell's Correlation (9) 
_e 9n cwn :, e_ 
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This was derived from subcooled boiling data for water obtai- 
ned'both by Papell and other workers. Figure 25 shows that 
agreement with water data is good as would be expected, but 
data for N-Butyl Alcohol is wildly wrong. Papell claimed agre- 
ement of his correlation with the ammonia data. As can be seen 
this is not the case. Reasons for this are discussed more ful- 
ly in Chapter 8. It suffices here to say that it is erroneous 
to plot the data as hboil/hnb versus the groups used to corre- 
late this variable since the heat flux is then implicit on 
both sides of the equation. This mistake was repeated by later 
workers (11,22). 
7.4. Badiuzzaman's Correlation (11) 
Badiuzzaman proposed two correlations : 
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The first of these is shown in Figure 26. It can be seen that 
the data lies close to but above the 450 line while the remain- 
ing data is poorly correlated. The latter equation for alcohols 
is shown in Figure 27. Correlation of all data is nonexistent. 
7.5. Hodgson's Correlation (22) 
o"ý o. 55 ` o,. o"g DU t'ý 
env ý. a$u xc, hncr 
This was derived using subcooled boiling data for water ob- 
tained by Hodgson. His own data correlated reasonably well but 
the mistake of plotting hboil/hnb versus the right hand side 
was again made. Figure 28 shows that the majority of the data 
is not correlated by this equation. Some of the ammonia data 
is correlated. Hodgson demonstrated that some ammonia data 
could be correlated but this is clearly not the general case. 
7.6. Modified Chen Correlation (19) 
Q/A = hmic x (Tw Tb) + hmac X (Tw - Tbc 
where: 
01,7 o"! rä o"ºe. q 0-2-5 
30 °'ýý o"ý-$ 9. Q. CL oo t `'- C. ro? ID, 29024" O" 5 
6' N' ev 
and S is a graphical function of Reynolds number. The correl- 
ation as presented above was modified from the original Chen 
correlation (17) to allow for the effect of subcooling. The 
original equation : 
QUA ( hmic + hmac) x( Tw - Tb ) 
was derived using different fluids in saturated flow boiling. 
The Forster and Zuber (18) analysis was used to correlate 
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hmic as given above. The suppression factor, S, was correlated 
with the two phase Reynolds number to compensate for the effc- 
ct of velocity on the temperature field in which vapour bub- 
bles were growing. 
The simple modification proposed above was arrived at and 
checked in collaboration with the Chemical Engineering-Dep- 
artment staff at UKAEA Harwell. Figure 29 shows this correl- 
ation. Clearly agreement is much better than any other corre- 
lation save the one presented in this thesis. The calculated 
heat fluxes, however, are still up to 100% low, or more, in 
a few cases. Only some of the results for water straddle the 
45° line. 
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8. DISCUSSION OF RESULTS 
8.1. Discussion of the Analysis of Previous Worker's Data. 
8.1.1. Effect of Surface - Overdesigning. 
Although the results, and the design correlation, obtained 
from this analysis are encouraging, it is stressed that the 
effect of-the important variables, test section geometry and 
surface finish, are by no means minimal. This analysis makes 
no attempt to estimate the magnitude of these effects. Since 
all the surfaces used to obtain the correlation are of the 
"'smooth and clean type, it would be unwise to employ the 
correlation for such materials as mild steel and cast iron. 
It is generally accepted that for rough surfaces, the heat 
transfer rate for subcooled boiling would be higher, due to 
the increased number of nucleation sites available. Thus the- 
use of this correlation would result-in a system which was 
over. rather than-under designed. Thus, if the system is heat 
flux controlled, (i. e. the heat flux is independent of the 
surface temperature, as in nuclear reactor cores, fossil fuel 
fired power stations and electrically heated surfaces ), it is 
possible that overdesigning could lead to burnout conditions 
near the-channel exit. If the system is surface temperature 
controlled, ;( as in the cooling of probes, furnace doors and 
motor car engines etc. ), then such considerations are only of 
importance when the heating medium, or medium being cooled, is 
at a temperature above the melting point of the tube material. 
&q 
8.1.2. Accuracy of the Correlation. 
The accuracy of this type of correlation depends on three 
things. The accuracy of the experimental data used, the accu- 
racy of the physical properties of the fluids and the suita- 
bility of the form of the correlation, i. e. whether it will 
account for the effects of the variables of the system. 
The most common source of error in all the 'results of the 
workers,. is in the estimation of the heated surface temperat- 
-ure. 
In most cases, this quantity is not measurable directly 
and is calculated from a knowledge of the heat flux, wall-thi- 
ckness and outside wall temperature. In this correlation, this 
temperature is implicit in the term hboil where hboil QUA 
/(Tw-Tb). Thus, for a given heat flux, the error in the corre- 
lation will be the greatest when the subcooling is low, i. e. 
Tb, is close to Ts. The lowest value of subcooling reported in 
the data used was 3°C but the majority of the data was for 
values of 10°C upwards. This latter value is recommended as 
the lowest value to be used with this correlation. For lower 
values of subcooling, the work of Chen (17) is advised. Since 
low values of Q/A_can result when ( Tw-Tb ) is small, and the 
innacuracy is-greatest for low values of ( Tw-Tb ), then it 
follows that the error in the calculated heat flux will be 
greatest at low. values of experimental heat flux. Figure 27. 
shows this trend quite clearly. Whether the increased spread 
of data at low Treat fluxes can be solely attributed to errors 
in the experimental determination of the inner wall tempera- 
ture, is not known. 
ýo 
For some of the data, ( 6% of the total ), the values of the 
heat flux, and corresponding wall temperature were read from 
the published graphs which had been enlarged. (12,36,37). It 
is possible that this data was not as accurate as could be de- 
sired. However, in these cases the heat fluxes were compari- 
tively large and therefore could not account for the increa- 
-sed spread of data at low heat fluxes. 
As far as the accuracy of the physical properties is concer- 
ned, these were obtained from the literature as shown in Table 
1. All values used were experimental except for'the vapour 
densities of fluids other than water. 'All interpolation for- 
mulae used to fit the experimental data were accurate to with- 
in 2% and most were exact. Extrapolation using the physical 
property interpolation formulae was rare and in no cases was 
this thought to lead to erroneous results. Any errors in the 
physical properties, therefore, will be a direct reflection 
of of the actual experimental errors involved in obtaining the 
data. Where possible, values obtained from industrial sources 
were checked against values from the literature. (38,39,40,41) 
The agreement was good,. the maximum deviation being, in a few 
cases, only 5%. Generally, industrial sources gave data over 
a wider range of pressure and/or temperature, than did the 
literature. Thus checking was only possible over a limited 
range of pressure and/or temperature. 
8.1.3. Suitability of the Parameters Chosen. 
It is felt that the groups used in the correlation are suffic- 
Tent to account for all the macro effects of the variables used 
tý 1 
in these groups. The ommision of Reynolds number from the 
right-hand side, although its presence is indicated and just- 
ified by dimensional analysis, is pcrmissablc due to the low 
value of the exponent it would have if included. (0.057). The 
accuracy of the correlation is not impaired if it is omitted. 
Evaluation of the Prandtl group at the mean film temperature 
seems reasonable, not only from the reduced scatter, but also 
because a bubble will grow through a varying temperature grad- 
ient, of which the mean film temperature is a-good approxim- 
ation to the mean. What the correlation will not account for 
are the variations in heat fluxes due to varying surfaces and 
test section geometries. It is felt that the extrapolation of 
the design correlation to calculate heat fluxes from differ- 
ent surfaces and in different geometries is much more invalid 
than extrapolation outside the range of other system variables 
with the exception of very low values of subcooling. It can 
be seen from the design correlation that infinite heat fluxes 
are predicted at zero subcooling. For values of subcooling 
close to zero the correlation is very sensitive and such values 
must be avoided. 
It is interesting to note that, as Figure 25 shows, the spread 
of Papell's data is much larger than the + 12% reported in ref- 
erence 9. The reason for this is that it is_erroneous to plot 
the experimental results as : 
fev 
vs 
since this means that the experimental value of the heat flux 
appears on both the ordinate and abscissa, thereby eliminat- 
ing the effect of any error in this term, and in fact, the 
It 2 
effect of the term itself. This mistake was also repeated by 
Ilodgson (22) and Badiuzzaman (11). It'is much more satisfac- 
tory to plot the dat as Q/AeXp versus Q/Acalc as is the prac- 
tice here. This method of plotting shows the correlation in 
its true light. 
8.2. Discussion of the Experimental Results. 
8.2.1. Heat Losses From The Test Section. 
Errors calculated according to the difference between the heat 
flux as found from the temperature difference across the test 
section and that as found using the power input data were ±4% 
showing that heat losses from the test section to the surrond- 
ings were negligible, even though the test section wasnot lag- 
ged. Tests were carried out at low flow velocities, at water 
temperatures of 700 C, and at zero heat flux to determine the 
heat loss from the test section under the worst possible con- 
ditions. Under these conditions the water temperature was found 
to drop by only 0.2°C between the inlet and outlet flow plenums. 
Consequently, no allowance was made for heat losses. 
Temperature rises marked **** in Appendix 6 are those for 
which the temperature rise was too small to record, i. e. under 
conditions of low heat flux and high flow. In these cases, the 
magnitude of the temperature rise was of the same order as the 
fluctuations in water temperature in the exit flow plenum. 
Such cases could only arise during the non-boiling runs since 
for the boiling runs, the heat flux was correspondingly high 
and hence the temperature rise was larger also. 
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8.2.2. Influence of-the Non-Boiling, Correlations on the Results 
Reference to Chapter 6 will show that a correction factor of 
(1+ (D/L) 0.7 ) was combined with the Sieder-Tate equation 
for non-boiling heat transfer. This procedure is recommended 
by McAdams (13) for situations where the heat transfer coeff- 
icient'to be calculated is located in the entrance region of' 
the annulus. For our particular application, the distance 
from the start of heating to the point of temperature meas- 
urement was 3.5" and thus the correction factor has a magni- 
tude of-1.32. This had the effect of increasing the coeffic- 
ient in the Sieder-Tate equation from 0.027 to 0.035. Mödific- 
ation of. the coefficients in the various non-boiling correl- 
ations would seem to be fairly common practice as can be seen 
from Appendix'8; the basic form of the equation being tail- 
ored to suit the particular installation. 
Using this modified Sieder-Tate equation, figure 11 shows that 
all the non-boiling data is correlated to + 10%. This is thou- 
ght to be quite satisfactory for a heat transfer correlation. 
However, it must-be remembered that the term hnb as calculated 
from this, appears to the power 3.2 in the correlation of the 
boiling heat transfer data. Thus any error in the calculation 
of the non-boiling heat flux is magnified three times. This 
immediately puts a+ 32% error factor on calculated values of 
the boiling heat flux. 
8.2.3. Effect of Dissolved Air. 
McAdams (24) states that the maximum dissolved air content 
0 
.1 
3-(F 
Which will not affect the heat transfer rate in boiling is in 
the order of 112 ppm. The author decided to check this figure. 
The reason for doing this was that it proved to be tedious to 
dega's the water due to the nature of the batch degassing pro- 
cess and if a thorough degassing were not necessary, then 
much time could be saved. 
Experiments were performed at constant heat flux and velocity, 
and the bulk temperature of the water was allowed to increase 
from. 20 to 70°C. The data obtained in this way is shown plot- 
ted in Figure 14. The same runs were repeated at air conc- 
entrations of 10,4 and less than 2 ppm. and are plotted as 
superheat versus subcooling. Such a plot serves to demonstrate 
two important effects. 
Firstly, it is clear that high dissolved air concentrations 
affect the results obtained. At concentrations of 10 ppm the 
wall temperature was found to increase in steps as the bulk 
temperature'of the water increased. This effect was not noted 
at concentrations of 4 and less than 2 ppm. Runs at less than 
2 ppm were repeated to check their reproducibility. These are 
not shown here but reproducibility was found to be within 2°F. 
It-was concluded that air concentrations less than 4 ppm were 
satisfactory to obtain representitive and reproducible results. 
As figure 14 shows., even water saturated with air (10 ppm), 
exhibits a similar behaviour to degassed water at low subcool- 
ings though the superheat required to sustain a given heat 
flux was 2 or 3°F less. This effect is almost certainly due 
to the more vigorous nature of the boiling process at low 
subcoolings obscuring the agitation effect due the "boiling- 
` 
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off" of the air bubbles. 
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To obtain photographic-results, concentrations of less than 
2 ppm air must he used otherwise a clouding effect is prod- 
uced by the-much'slower, roving air bubbles. Dissolved air conc- 
entrations of less than 3 ppm could nearly always be obtai- 
ned with one degassing cycle. Two were needed to bring the 
concentrations below 1.5 ppm for photographic experiments. 
The second effect demonstrated by figure 14 is that, for the 
range of subcooling considered, there is no tendency for the 
wall. temperature to rise as the bulk temperature rises. It is' 
tobe regretted that no higher value of subcooling than 154°F 
could be obtained without attaching refrigeration-- equipment 
to the apparatus. However, a subcooling of 153°F is not small 
and even at this level, the superheat remained independent of 
the subcooling. Reference to the literature shows that these 
results are in agreement with many earlier workers' findings, 
but disagree with Hodgson's results (22). It is possible, -the- 
refore, that the superheat is dependent on the level of sub- 
cooling only when dissolved air is present, and, possibly at 
values of subcooling outside the scope of this work. 
8.2.4. Effects of Subcooling, Heat Flux and Velocity on 
Bubble Population and Size. 
Figures 15,16 and 17 show respectively the effect of heat 
flux, velocity and subcooling on bubble population and size. 
These results are purely qualitative in nature but neverthe- 
less demonstrate important trends in the boiling process and 
also the scope of this apparatus for further work. The direc- 
r 
ý6 
tion of flow on these photographs is from right'to left and, 
in practice, represents vertical flow in an annulus. The 
scale of the photographs may be determined by the thermocou- 
pie probe tip ( 250 microns diameter ) which can be seen in 
the top of most photographs. 
Figure 17 shows that as the subcooling-is decreased. -from 154°F 
to 74°F the maximum size of the bubble increases from approx- 
imately 1/4 mm to 1 mm. The heat flux and velocity are cons- 
tant at 660,000 BtU/ft2hr and 5 ft/sec. respectively. The 
effect on bubble population is less clear but reference to 
many o. ther photographs taken shows that fewer bubbles grow, and 
to a larger size as the subcooling is decreased. 
Figure 15 shows the effect of heat flux. Clearly, the higher 
the heat flux, the larger the maximum size of the bubbles and 
the greater their number. 
Figure 16 shows the effect of velocity. At high velocities-the 
bubbles are very small, their size increasing as the water 
velocity decreases. This might suggest that as the convective 
component of the heat transfer process is decreased, so the 
bubble agitation increases to maintain the same heat flux. 
It must be remembered that the wall superheat is an indepen- 
dent variable for these reults and thus the effect of the 
various parameters on bubble size and population may be a 
direct result of the effect of these parameters on superheat. 
Equally plausible is that the. parameters initially affect the 
bubble dynamics which, in turn, affects the superheat-required 
-T-4- 
to maintain the"heat flux. 
Results were also taken using high speed cine photography at 
6,000 and 10,000 frames per second. These results have not 
been included since not enough were obtained to give a truly 
representitive analysis. However, these studies have shown 
that the apparatus is ideally suited to the study of bubble 
growth and collapse rates in subcooled flow boiling. 
8.2.5. Bubble Growth and Collapse. 
Figures 15,16 and 17. show other important characteristics of 
the subcooled flow boiling process. 
Firstly, nearly all the bubbles which are visible are oblate 
in shape, however, the smaller the bubble, the more nearly 
hemispherical it is. This suggests that the bubbles are hemis- 
pherical at their inception and become oblate as they increase 
in size. 
Secondly, distortion of the oblate shape can be seen caused 
by the drag forces of the flowing liquid trying to pull the 
bubble along the heated surface. Cine camera frames showed 
that in fact nearly all visible bubbles were sliding along 
the surface ( at a water velocity of 5 ft/sec ) while under- 
going a growth/collapse or growth/departure cycle, depending 
on the level of subcooling. 
Thirdly, at the moment of bubble break off, the bubbles 
assume a spherical shape connected to the heating surface by 
+S 
a vapour stalk. It seems plausible to assume that this stalk 
breaks and the vapour in the stalk forjns the start of the next 
bubble growth cycle. This could be verified with further high 
speed cine photography runs. 
8.2.6. Hysteresis Effects. 
Nearly every worker in the field of boiling heat transfer has 
observed, if not noted, the hysteresis effects of surfaces. 
Figures 18 and 19 show respectively the hysteresis effect of 
velocity and heat flux. 
For values of velocity between 10 and 6 ft/sec, wall tempera- 
tures were found to be approximately 1°F higher when the vel- 
ocity was-decreased as opposed to its being increased. Below 
this velocity, however, figure 18 shows the effectto be more 
complicated. A hysteresis effect of 2.5°F was noted at a vel- 
ocity of 4.8 ft/sec in the reverse mode to that mentioned 
above. -It is possible that this obscure effect is connected 
with the roles played by the convective heat transfer due to 
the flowing water and the bubble agitation effect. Decreasing 
the velocity below the transition point of 6 ft/sec may well 
be. the condition at which the bubble agitation role becomes 
the more dominant mode. Many more results of this nature would 
have had to be-obtained in order to enlarge on this phenom- 
enon. It should be noted that all results in this study were 
taken with'the velocity decreasing. 
The hysteresis effect of the heat flux is shown in figure 19. 
Superheats up to 4°F higher were obtained on decreasing the 
heat flux compared with those obtained while increasing it. 
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Far larger hysteresis effects have been recorded in the liter- 
ature, due to sub5cooling effects, in comparison with either 
the effect of velocity or heat flux. IIodgson (22) reports on 
the effect of increasing then decreasing the subcooling, on 
the wall temperature. Such experiments could not be performed 
with the present apparatus due to the inability of. the pres- 
ent cooler to remove heat as fast as it was. being supplied by 
the generator. Thus, decreasing the subcooling while boiling 
was occuring was not possible. 
8.2.7. Possible Nucleation Sites. 
Photographs of the heating surface were taken using an elec- 
tron microscope of the "Stereoscan" type, at a magnification 
of 190 and 1900. These are shown in figures 30 and 31. Figure 
30 shows the intersection of two scratch marks magnified 1900 
times. Such aberrations of the surface were by no means typi- 
cal as figure 31 clearly shows. This particular photograph is 
at a magnification of 190 and shows longditudinal scratch" 
marks, probable formed by the cold drawing process used to 
form the tube. The aberatign in the centre of figure 31(a) is 
shown magnified 1900 times in Figure 31(b). Very few other 
marks could be found on the 11" long tube section used-'for 
photography. The surface was typically as in figure 31(a), but 
without the defect in the centre. 
These are interesting results because the question of what 
forms an-" active nucleation site " presents more of a pro- 
blem than was previously expected. It might be thought that 
bubbles grow from the darker areas shown on the photographs 
FIGURE 30 
STEREOGRAPH OF HEATING SURFACE 
STAINLESS STEEL TYPE 347 COLD (DRAWN 
MAGNIFICATION X 1900 
FIGURE 31. STEREOGRAPH OF HEATING SURFACE 
(a) 
(h) 
x 190 
x 1900 
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but it must be remembered that these areas are shallow and in no way 
resemble conical or re-entrant types of cavity. The areas are also 
completely inter-connected which may account for the ease with which 
bubbles can slide along the heated surface at high velocities of flow. 
These photographs have been included so that the results of this thesis 
will be more generally applicable to other workers who may wish to use 
them for theories which include some surface parameters. 
8.3. Application of the Results 
The applicability and accuracy of previous correlations for subcooled 
boiling have been discussed already in Chapter 6. It suffices only to 
recap the information given there by saying that none of the correlations 
tested (with the exception, possibly, of themodified Chen correlation) 
may be used with any degree of confidence for predicting subcooled flow 
boiling heat transfer rates. Those correlations which were not tested 
were either graphical solutions, interpolation methods n quiring the 
actual data for saturated flow boiling under the same conditions, or 
correlations applicable to one fluid only, generally water. 
8.3.1. Final Form of this Correlation 
Boiling data obtained at constant subcooling and pressure is shown 
plotted in Figure 12. The data is plotted as 
( Q/f )/X V 
1sI 
versus hboil /hnb to demonstrate the relationship between 
these two parameters, all other variables being held constant. 
The plot clearly shows the exponent on the group a/A/YVto be 
0.70. The value of the exponent on this term in the correla- 
tion derived from other workers results 
correlation expressed in its usual form 
implicit on both sides of the equation 
0.70 and 0.67 has a negl. igeable effect 
of hboil at a given heat flux. However, 
was 0.67. With the 
( with the heat flux 
the difference between 
on the calculated value 
when the heat flux is 
expressed explicitly, the difference becomes greatly magni- 
fied since this exponent will now appear in the form (1/(i-exp)) 
Figure 13 shows the authors data-plotted using. thc correla- 
tion derived using other workers results, i. e. with an expo- 
nent of 0.67 on the term C-IRI-e, jV . The data is seen to vere 
away from the 450 line at high heat fluxes. This is entirely 
due to the exponent having the value 0.67 and not 0.70 as 
shown in figure 12. The data is still seen to be entirely en- 
closed within the limits. + 40% which is the accuracy claimed 
for the original correlation. 
When all the data ( other workers + authors' ) was re- correl- 
ated in bulk-using the multiple regression analysis program, 
the exponent on the term alt1), &V changed from the original 
0.67 to 0.68 showing the influence of the author's data. The 
constant coefficient changed from 78.5 to 82.0, an increase 
of 4%. No other change was significant. Figure 22 shows all 
the data plotted according to the final correlation : 
a ýý'b 0 (ý4S o -7 0 
nh (r 
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Figure 22 is almost identical to figure 21, the only differ- 
ence being that figure 22 includes the author's data. Discussion 
of figure 22 has therefore been dealt with in the first part 
of this chapter. 
8.3.2. Inception of Boiling. 
Papell (9) has pointed out in Appendix B of his paper that 
the point of inception of boiling may be deduced from a corr- 
elation of the above type by putting the left hand side of 
the correlation equal to unity. The equation should then be 
re-arranged to. give the heat flux at the inception of boiling,, 
explicitly. Figure 32 shows the use of the above correlation 
to predict the incipient boiling point. A comparison is made 
with the Bergles and Rohsenow (10) correlation for water, an 
empirical correlation, and also with the Davis and Anderson 
(42) equation for liquids, which is theoretically based. Agree- 
ment between the'latter two correlations is seen to be exce- 
llent whereas the correlation derived in this thesis for sub- 
cooled flow boiling heat transfer predicts values which are 
in error by as much as 500%. It is felt that this in no way 
detracts from the reliability of the correlation to predict 
subcooled flow boiling heat fluxes. It is suggested that the 
reason incipient boiling points may not be calculated in the 
way outlined above is that no incipient boiling data was in- 
cluded when the correlation was being. derived and hence it is 
unfair to expect it to extrapolate to such limits of the boil- 
ing process. 
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9. CONCLUSIONS. 
1. Non-boiling data was found to be correlated + 10% by the 
Sieder-Tate equation, modified for an entrance effect : 
14 0. -4 
+ IL ) 
2. Subcooled flow boiling data for various liquids in differ- 
ent flow configurations may be correlated such that 90% of 
the data , expressed as calculated heat fluxes, lie within 
+ 40% of the experimental heat fluxes, using a correlation of 
the form 
0 46 o"(, 4s ý. ýo d"Cý9 
CL 
3. The above correlation may not be used to predict the heat 
flux at the inception of boiling by putting hboil/hnb 1. 
4. Hysteresis effects on the superheat required to sustain 
ä given heat flux are in the order of 1-3°F for increasing/ 
decreasing cycles of heat flux or velocity over the range of. 
conditions investigated. The hysteresis effect of subcooling 
was not investigated. 
S. Dissolved air contents greater than 4 ppm were found to 
have a considerable effect on the superheat in subcooled flow 
boiling. 
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APPENDIX 1 
Electrical Design Considerations. 
(a) Heating Element Design. 
The output of the generator was rated at 19.2 Kw at 12 volts. 
In order to obtain the maximum use of this power, the total 
resistance. of the curcuit must therefore be 7500 micro-ohms. 
To ensure that the heating element was the-correct resistance 
it was necessary to know the various joint resistances in the 
electrical curcuit. The following diagram shows the joints 
at which losses could occur. 
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A crude heating element was made up and the apparatus start- 
ed. Voltage drops across the joints were measured using a dig- 
ital volt meter and hence the resistance was calculated, since 
a known current was flowing. 
JOINT VOLTS DROP @ 230 amps JOINT RESISTANCE 
A 0.00200 8.7 micro-ohms 
B 0.00482 21.2 " 
C 0.18522 80., 5 
D 0.00311 13.5 
E 0.00094 4.1 
F 0.00420 18.3 
G 0.00232 10.1 
TOTAL 156.4 
S9 
The average joint resistance was therefore 22 micro-ohms. It 
was assumed that the threaded and brazed joints of the heating 
element had similar resistances and thus a figure of 242 
micro-ohms was arrived at for the total joint resistance. This 
left 7258 micro-ohms for the heating element itself. 
The heat transfer test element was made up of type 347, cold 
drawn, stainless steel tube, 8" O. D. and 0.015" wall thick- 
ness, brazed to F" O. D. brass shorting bars. See Figure 7. 
Copper was not used because of the difficulty of threading 
copper into Conner. 
Resistivity of 347 S/S = 28.4 micro-ohm ins 
Resistivity of Brass = 2.62 it 
Total length from busbar to busbar = 18.0 ins 
Total Resistance of heating element = 7528 microohms 
Let L= length of S/S tubing 
Hence 18 - .L= 
length of brass shorting bar 
c. s. a. of brass =9x3.142 /(64 x 4) = 0.1105 sq. ins 
c. s. a. of S/S = 3.142/4 x (0.3752 - 0.3452) = 0.017 sq. ins 
Therefore 
7528 _ (18'- L) x 2.62 +- 
28.5 xL 
0.1105 0.017 
Therefore L=4.3" 
The uppermost shorting bar-had to be drilled I" to allow for 
the passage of the thermocouple wires. Calculations showed 
that this made no difference to the length of stainless steel 
tube needed. 
At the point where the thermocouple wires leave the shorting 
bar, (See diagram below) the cross sectional area of the 
shorting bar was reduced from 0.1105 sq. ins to 0.0824 sq. ins. 
The electrical resistance across the hole for the wires was 
therefore : 
0.25 x 2.62 / 0.0824 = 8.0 micro-ohms. 
At maximum power through the heating element the power loss 
43o 
" -- ., -_ý -v>r. 
at this point would be : 
1600 x 1600 x 8.0 x 10-6 watts 
= 20.5 watts 
ýi 
3/c 
t- 111f" kII S' w, (D 0' 
1/1? 11 
This is clearly negligible and the error was ignored. 
The first heating element was designed to the above specif- 
ication. However, the threaded joints into the busbars were 
found to have a higher resistance than expected. The length 
of the heating element was duly reduced to 3.75 ". 
(b) Current Carrying Clamps and Joints. 
The flexible leads connecting the heating element busbars to 
the generator busbars consisted of 24 lengths of 1" x ä" 
high conductivity-copper braiding. The generator busbars were 
flat copper bar 3" x i". These were drilled and the braid- 
ing clamped to the busbar using two mild steel plates, and 
4 No. ?" bolts. See Figure 33. Twelve braids were clamped x 
to each side arranged in three lots of four. This arrangement 
was found to give a very good contact. 
The busbars leading through the flow plenums were 2" diam. 
high conductivity copper. These protruded 212" outside the 
flow plenums and the arrangement used for fastening the brai- 
ding to these busbars is shown in Figure 34. Insulation from 
the bolts fastening the end plates of the flow plenums was 
achieved by wrapping insulation tape around the outside of 
the braiding after it had been fastened to the busbars. 
4x 1/1,11 
wIiT t3OLT5 
10 
IAJ 
C-Lf 
_c, 
Ln 
4. 
Iýx I/SN COPPER 8P IDIMG 
II/2q 
q 40 
COPPER GUSQRR 
Tb GENE0. gToQ 
V 
3 
FIGURE 33. CLAMPING ARRANGEMENT : GENERATOR TO BRAIDING 
MILD STEEL- 
PLATES 
H 
1/2 91 
`i. (ý . 
La 
mp 
b 
1°x ft ft 11 COPPM 
BM D(%6- PS 
FIGURE 34. CLAMPING ARRANGEMENT : BRAIDING TO BUSBAR 
IR 
APPENDIX 2 
Rotameter Corrections 
Both the main flow loop rotameters had to be calibrated in 
litres per minute of water at 20°C. Reference to Coleman(43) 
and Head (44) shows that since the Reynolds number of the 
float was at all times high, viscosity corrections to the 
calibrations were not necessary. 
The flowrate through a rotameter is defined by the following 
equation 
U-) k Dd wý ý eý- ehe 
where :u 
K is essentially constant at high Reynolds numbers so 
i e9- _ 
/(_- 
-' 
P, (ei-e, ) 
«, ýý 2- \/ eý- ( rý - e9- ) 
Subscripts :f- float. t- tube 
The float density was 7.96 gr/cc and thus the flowrate could 
be corrected for variations in the density of the water due 
to temperature fluctuations away from 20°C. 
42. 
APPENDIX 3 
Temperature Drop Across the Heated Tube Wall 
The stainless steel heating element is heated electrically 
and is cooled on its outer surface by flowing water. Thermo- 
couples are located on the inside of the tube close to the 
wall. It is therefore necessary to be able to compute the 
temperature drop across the tube wall in order to calculate 
the outside wall temperature. 0 
The governing differential equation for a cylindrical tube 
being heated by passing a current through it may be written 
as 
CL 
1 A- 
4- Q 
with the boundary conditions 
The temperatures are assumed to be independent of the axial 
position and any variations are ignored in the differential 
equation. The inner wall temperature Ti , iss asumed to be 
constant at the average value of the two wall thermocouples. 
Since the tube wall thickness is small, (0.014") the thermal 
conductivity is assumed to be independent of the radius, and 
constant. 
If it is assumed that the heat generated per unit volume is 
independent of the radius and that longditudinal heat condu- 
ction is very small compared with the radial conduction, the 
above differential equation can be solved to yield the simpl- 
ified expression for the temperature drop across the wall. 
McAdams (13) arrives at the expression : 
/n /0 v- I 
kw 2 ý- 22N= 
43 
This expression was used to calculate the outer wall temp- 
erature of the heated tube. The thermal conductivity of the 
stainless steel was found from 
0 
APPENDIX 4 
WinUcr Analysis and 11cgasscr Performance. 
Dissolved air content of the water used in the flow loop was 
determined using the standard Winkler analysis. 
Reagents : 1. Manganous Sulphate Solution. 
Dissolve 50 grs of MnSO4. '11120 in 
distilled water and make up to 
100 mils. 
2. Alkaline Iodide Solution. 
Dissolve 70 grs of KO!! and 15 grs 
of KI in distilled water and make 
up to 100 mls.. 
3. Sodium Thiosulphate Solution. 
Approximately N/80, accurately 
standardised. 
method 
ýlý 
A 250 ml conical flask was filled with water from the stor- 
age tank by allowing the water to flow through the flask for 
1 minute. The flask was then stoppered. The temperature of 
the water in the tank was then recorded. The stopper of the 
flask was removed carefully and 1 ml of the manganous sulphate 
solution added using a5 ml syringe. 1 ml of the alkaline 
iodide solution was then added. The'stopper was replaced and 
the flask shaken for one minute. The solution in the flask 
" was then acidified with 1 ml of conc. sulphuric acid and 
shaken well until the precipitate had dissolved. 100 mis of 
the resulting solution was then pipetted into a titrating 
flask and the liberated iodine titrated against the standard- 
ised thiosulphate solution. 
Using. this method, each ml of the N/80 thiosulphate solution 
corresponded to 1 ppm of oxygen which is equivalent to 0.7 
mis/liter. 
q$ 
Degasser Performance. 
All dissolved air concentrations and conductivities are 
quoted at 25°C. 
Start-Up - 11.15 am 
Initial Dissolved Air Concn. - 10.5 ppm (satd) 
Initial Conductivity - 2 micro-mobs 
Water Feed Temperature' - 69°C " 
Water Feed Pressure - 59 psig 
Water Feed Rate - 34.5 lits/min 
Degasser Vacuum - 22.5 "Hg 
Main Loop Flowrate - 40 lits/min 
Power To Test Section - 3 Kw 
Shut-Down - 12.17 pm 
Final Dissolved Air Concn. - 3.1 ppm 
Final Conductivity - 1.2 micro-mohs 
The process could then be repeated bringing the final air 
concentration below 1.5 ppm. 
The rate of take-up of air by the water after degassing de- 
pended on the amount of use to which it was put. Typical re- 
sults on air take-up are shown in Figure 35, the apparatus 
being used for some 3-4 hours every day. Degassing was usua- 
lly necessary every two days or so. 
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FIGURE 35 
TAKE- UP RATE OF AIR , 
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APPENDIX 5 
6 
Dimensional Analysis Armlied To Subcooled Flow Boiling in Pipes. 
Buckingham's Pi-Theorem 
If a physical relation can be represented mathematically by : 
Q1 =f (QZ ' Q3 I Q4 *"**'*... Qn. ) 
where Q represents a physical property or quantity then 
f (Q1 , Q2 , Q3 , Q4 , ......... Qn )=0 
If n= the number of fundemental dimensions then choosing 
I'm" of the "n" quantities as the primary quantities will 
leave (n-m) quantities to be expressed as dimensionless ratios 
or fl U quantities. 
say : T2 3-__- r1 --can 
These are arrived at using the "m" primary quantities as a 
basis for forming the ratios. 
Using mass (M), length (L), time (T), heat (11) and tempera- 
ture (9) as the fundemental dimensions and assuming that 
% 
(Cv 
then m=5 and n= 11 thus 6 "-T-i"- Quantities are to be ex- 
pected. 
Let the quantities Q/A, b Tsub' k, , D, hboil be the primary CL 
quantities. 
C` Fori'1 try 
ý Mý 
Inserting dimensions : 
1 
CL ' 
N 
LLý i 
ct- ML (1 Ll LtJ LTJ LJ LJ LFJ 
ýý 
Equating Dimensions 
(H) a=c+e (1) 
(L) -2a = -3b -d +f (2) 
(0) 0= -c (3) 
(M) 0= b-c+d-e (4) 
(T) -a = -d -f (5) 
Solving these equations yields 
f=b=e=a and c= d= 0 
Therefore : 
For try : 75 
&- ct e- (V /L "V 
Inserting dimensions 
[,, ] 
/ e- - 
ý-3 HG 1-T" MT 
Equating dimensions 
(0) a= -c (1) 
(M) 0= b- c+ d- e (2) 
(L) 0= -3b +d-f (3) 
(T) 0= -d -f (4) 
(H) 0=c. +e (5) 
Solving these equations yields : 
b=d=f=0 and e= -c =a 
Therefore : 
For l13 try : 
rýýýIýýL: ýd ýM1eýTýä 
L LHG ý 
q8 
Inserting Dimensions 
_A 
it G 
I- 
L 
.--- "] 3 1--T ý-3 Iß'(8 .Tý. t 
H 
Equating Dimensions 
(H) a=c+e 
(L) -a = -3b -d+f 
(T) -a = -d -f 
(0) -a = -c 
(M) 0= b- c+ d -- e 
Solving these equations yields : 
e= b= f= c= d= 0 and d= a 
Therefore 
3 
For (Iý try :a 
Imserting Dimensions 
-6L S. 
-114 
ý3 Mg LLYJ MT 
Equating Dimensions 
(M) a= b- c+ d- e 
(L) -3a = -3b -d 
(T) 0=-d-f 
(H) 0=c+e 
(0) 0= -c 
Solving these equations yields : 
c= d= e= f=0 and a= b 
Therefore : 
-fl-4 
_ (eý) 
(1) 
(2) 
(3) 
(4) 
(5) 
(1) 
(2)' 
(3) 
(4) 
(S) 
For l15 try 
0 
(v & 
Inserting Dimensions 
a -r U- -NG cý _ý_ 
5 ELI MKý. 
Equating Dimensions : 
(L) a= -3b -d+f 
(M) 0= b- c+ d- e 
(T) 0=-d-f 
(0) 0= -c 
(11) 0=C. +e 
Solving these equations yields : 
c=e=0 and d=-f=-b=a 
Therefore : 
For try 
C 
Inserting Dimensions 
HMNM L 
L2 T L_3 M 
Equating Dimensions : 
(H) a=c+e 
(L) -2a = -3b -d+f 
(T) -a=-d-f 
(0) a=c 
(M) 0= b- c+ d- e 
Solving these equations yields 
d=e=0 and b= c= f=a 
(1) 
(2) 
(3) 
(4) 
(5) 
(1) 
(2) 
(3) 
(4) 
(5) 
q. q 
l csv 
Therefore : 
(1 (Z, "0_ C, / CV 
Hence : 
evv 4A &A, 
The "1 -quantities may be multiplied amoung themselves, pro- 
vided that their number is not changed. 
Thus, multiplyingT-I5 uzt, we arrive at 
Al-so multiplying -r("G we arrive at `: 
)(LV )= 0-"j 
ý- 
- --L 
The above three groups are frequently encountered in heat 
transfer processes and their significance is well understood. 
Thus : 
CV tvA (L LL S+ 6 -, ý -,:: 
. 
-* Cl) 
kbl 
APPENDIX 6 
Non-Boiling Results. 
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Boiling Results. 
OOOOOOQOOOOUAC>C>In OwAOOOIAOOIAOOOOVº 
N v- rrrrr Co A 00 NO to %, NrrrM in ýkO NO W% W% %& NOM 
CG MMM on M1 in M W% U1 in Y1 in in in V1 an An in %S 
rrrr e-rrrrrra-e-rre-r W- rrrr rrr rrr'rr 
OOOOtA0000tA0c>ciin00000if10001Ac> M1A00in 
1... 3 MV%. tin cm W-M1cm ý*W-ý* ý* W- MA wlV%1. M11, vl. t. -1`"tco in in 
1- > !` 00 Oº OO Ok CO NO ýr v- O 00 O. W% P- Oº Q ON 00 1` -O %t on rd W% 
an inin -0ýD1Oan W%Minin LA. tIt in W%W%1O1OPýA1D-O-O-O1O%G1G1O1D 
00001AOOOOOOOOCOOOOOOOC> OOMOU100tH 
co -O ant-- 'ON tMMOM .--! 1A r Oý kn o Co ýs DO W% W% e- a0 -t 't 0,0 
F> cc (> cOP cc 4O -i a co ok in 0. a tyk cc 1ý *0 dMr ýt in 
W% In to 10 10 1-0 in IA WA W% M to 3 %t In in W% 10 10 1`! ` 10 10 10 10 -O 10 10 %0 10 
t- v 
J" ON0IA000MN1000000M1f100inOýi inr-W-Ocm Mon 0 
W L7 N to 00 M O. - W% W- CO NO -t 
M W- N -t !`O W- to N ON .O W- Q6 -. t N Q. NO OM 
GW"""""". 
C. 
.""""""""""""""""""""" 
i- 
=O ruNNNNNNriNMMr4tVNNNNntQ" p"O- O O. O, O. O- d. O' O. Ok 
p ... ................ "....... ". """" 
t in 434 .4-! -t 4 -t ýt .43 .t3 -t .5 .t3 .5 -2 4f '4 .! .t .4 .4t .t .4 
na 
z AD a oa o., o. aaaooºo'oo-o. ao, ao 0k0000 000 o0000 
Ii v) ýt ýt ýt ýt ßt 33 ýt ýt ýt ýt ýt 3 ýt ýt .t ýt ýt vº U11A 1A ýA lfº ýA ýI1 Y1 ýA to to 
G. Q 
Vf OV100Un000000000O001A0Oin0in000v10U 0 
CL Oý ýt 00 r- CO -t O *D -t e- Q- *O CO v- -p O w- *O Co w- 1` M CO %0 r' I- %t O ý* 
.t in to in ý-O g[1 in an tt t -t MM M1 3 .! W% %C f- to t0 1` J- 1` 4. O NO in to 140 NO 
4 
v, inoinaooanoininoLninoauºooinoaoooinoocoo OQ e- ýt O. M ci. 4O in N Qý ýD t+1 -D O. -t aMotO e- N Ml CO -t OOMr- 
C in 'o NQ c !` -C GOU RM ýt t -t .S '2 to 0Q P. I, cc co co !. - N ýc 'C rQ U% -O C. 
O OOOOOi[1 Ul to v1 OOOOMNT u% &n c> OOO OMa1 Kn an an CD (D 
JOO 00 0000 00 rr rr rr w%1AV1in an titan in an an 'o e 
u -3 im cu NNNN" NNNnituNNNNNhfu NNNNNNcuriri cu 
tu 
O. w- NM3 to O i- CO ON O i- N M1 ý* in ýNO l` CO O. Ob e- N m% -t ißt NO !` CO p. O 
cr Z :, e- e- eý e- e- e- v e- N VJ NN lV N ru NmNM 
OOOOVºOOOOOVIVIinOOOOp0001AVf0 000000 
O. D O' "- Oº O' O' ON C> w- fV NNN m- O CO NC N r- N. OK w- r1 %& an in ýt N 
tD > ýt ýt ýt M -t -l -t in W% W% Y1 V1 to 1A to -4 't 't in 1A 'O -, O %0'O 'p -O 'O 
a- "- a- a- W- "-- a- a- a- r- a- a- e- a- a- a- a- "- a- ate- a- a- a- a- e- "- a- a- '"" r 
oKnkno000ouºinvno000in oouºo000in oino oinin 
-, O co IVO1Af. - on co P "O a0 I-- 'tin 1`OIV in cm Oto OONAPO VnrW- 
F-> `fin-Pco PONM-t %Q-. tNw-PLA--tPrMýt M'ttAim 0001`kn 
3.............................. 
'O -O 46 to art 10 10 10 10 lO 10 10 10 ut in in in -. t in W% In AN 1` !`A 1` .p -40 10 
gn OOO 0O OR1 C31 LninW% C> C> C> C> N Cl C> OO O C30 W% OOO UA CAA 
ir- NO .tNN co, W% CNY N cc O (N O I` co e- M in N Oº 1lý- OOH e- p. V% '! r- O 
º- > %C CO O. CO 0% ON -i Lin %C 1A N v- OO If% d v- 4Y. w- N -1 .- P' -t %C NO OD N 1A 
32 W& .......... owes so ..... ....... ,OQQ in Gn OO .O -O -O o -O G in to 1A v% -t to an 1A [-,. !`NAAf, -O OO 
J. CDN !VO U1 O 1A in O an OOOO to in W% O an an O in OOO in N an C> Go 
W t9 lC Oh -t "0 l` P Cu NG PNO. r 1` MNOp. O W-- M 00 "t P. p. -'t 00 M r- "p 
pw""". """"""""""""""""""""". """" 
G Mcm Fn V-e-1-CM rdr'Jon Nh Na-- W- W- 9- Oe- -- w- CMMMM%MNtru, - 
1- - 
=L? p"p"0"00000Co 000 0000 0 0000e-r-e-. re-r'W- W- W- 
C an in Yn an an in h in in in 
aa 
:z CD o0 0 000 000 000OOOOOo00C)%*%I -S-414.!. i.! 
6.0 0-0 ................ "... ""..... ".. 
s Un - in W% in in in in in in gn %n in in W% irr U% an in in in %n W% in in W% W% in wt W% W% w-, 
as 
OQOOOOOOOOOOOOOOOOCOV10v1001AV1000 
!` V- -O in 140 O. 3 CO nt ! ý. N %0 e- IG Co co S W- M ýa C*. W- 0 W- in -0 Ok mP %* 
1` !, in to in %o "G 1` (- l` so an U% -t %t 3 -t -! %t cc to Oý O. CO l` 1- NO %C 
H OIAtoOiAOtoi1O000OOOOOtoOtomC1O1AOO1AgAOC? 
ý. - CO -4t P fn %0Oin -D M1000 M1`0 r-- M00 Ntoe0 W% W-- to OM ,O HBO 
tI oo co 0 oo e: tý: "o tl en an s trs an lr oo c" C o. C is P 
>0 fr- 
3 OOOOOOO42 OOOOO00000000000000000 - 
OOOOOOOOOO a- v- e- e- e- e- - e- v1 an w% Y1 N Y1 en U1 V1 
ax- NniNMMMMMMMMMMMMMMMMMMMMMMMMMMM 
" 
=> O w- ni en ýt an %0 r- Co O> O e- fV M %t w% , ýO N. 00 04 O a-- N M% %t In %0 t- Co O> O 
ir =, en min vi in Aen en en 3ýtýt 't't--týa-T't'iu%UNu1IAu1anK1v1u1Uae 
-vºOinOUºO O OVºanan00000o000000pOanon OOin 000 *Ni- OO ON1Aco cN mc), ºo0! `f%, - 1`P-ok N MM1 m im on %t I%, - co 
Cp > 'p Ul %n to %n in in 't 't 't mot' t 't 1 -4 1 ýt 't ßf1 UN W% to ßf1 W% v1 W% W% 
ýýýý1-1-a-rrr1-1-a-a-a-qr- arrrra-rra- a-a-rrr 
ovºooorn ooooirºcovnoaoooooooooinoknW%C> 
N on co a0 d k1 O, t, - Fn Om in p. 1A r` on P rt MN .r Oº co 4- em N 'O M1 -. t 
N (- W% NO 1` p. %* 1*- QO NO %t N r- 00 %0 O, a- N -t NO A. W% W- cO V- N *t 1A 
3.............................. 
.p 1A ý0,0 10 -0 0W 10 10 ,ODO1,0 Vn in M -0 O 10 -, G O 10 -O 1-0 P. !`N. P. Nº 
oWnooooLnoooooouºooUnooooooooouºoo+n 
cm . Cin ýfin co co tnCQýtI` r-1'- O. 4O4Oin -tin W-OO cu on NN"iW% 
!->NAQ MT C 1- p. %J IN CO NQ -i M V- cc *O O W- tV ýs %a 00 %a V- "C O 0- N -t v1 
3f.............................. 
O in "O o*1,0 -O D 1-0 -O ,O,, O -O 10 in 1A -O 10 10 10 1,0 -Ci 10 1-0 10 !` 1` f-- 1` 1- 
F- v 
J"- ONincm antnOOON\MOOIAOtAaain00in in -, o niN0a 
tai t7 3N VI *C 00 O NO !V ti Ok %I r pk %0 ýt N W% NO IN- W- -. 1 CO %t NO N "r M %a O, e- 
p us .""""""". """""""""""". """""""" 
G e- e- W- W- a- NN Cu CJ nt NM e- e- e- r- e- e- v- NMNMr a- N tit M"M 
O c7 r- r- r- e- e- e- e- U1 LA V1 to in K1 v1 in 1A in 1A U1 K1 in to to to to MMMMM 
v, in in an in an invºMnMMMnnnnon on Mon non non Minkn bngnuº 
CL a 
Z 0.7 -t 3 -ß U% W% U1 1A in in it in in to in Ul in in to in an on c, OOOO 
N In M to to in iA IA W% 'n 'n V1 in in In to Sn M U% to in in W% iA IA W% -0 -O NO %0 
d 
to c, in C> C> OO 4D -o O OOO OO in C) -p O OOO O OOmn OO OOO 
co in a0cm 'GO. 'O Oa0 Nin O'OIm {`. fp. N3O. ZT O-. tim In Oº, NOO-t 
1n %A to -D -40 10 1` P- [` CO P- !` 10 10 to tl1 to 10 -D 10 I- 40 [` %C %n ! k- Co CC C)', C)-, 
AC 
v, oooirºooac>ocunooWnotnotnoinC>C>pminaoooo ý- C in OtQ. n[ p. 33 co O. "t aQ wl CO M1 CM +O N Qº 'O O, In N1 'C in co 
0 %0 &A -a "Q "a P-" f" co a o, co CO n" ý" "0 NO n" tý e. oc CO Q. CO cý -o co CO 0. a" o, 
3 ýoooooooocoooooooG0000000000000 ox: """""""""""""""""""""""""""""" 
j -_ ikn in in in -i -' 30 co 0 co co co OOOOOOOOOOOO in Y1 an to in 
ti _j MMM V) MMM -T -t %t -t %* %t --Y rt mot' -t %t Nt -t .t %& -T -ýT -t +. t -t -. t -t -t 
ZQ-, N en e u% O l` Co Oº O, N M13 to %0 N. 00 oº O ir- NM 3' to -40 l` Co O. O 
Q. oC < "0 NO so so sO sO %0 NO !`N t_ l` A lam. L` f` !` !` Co Co Co CO CO CO CO CO CO CO 
W% W'% C> W% oooooWno ocvº o0000 C> in ocokn ooin o0 O W- N .- W- o co -O 'O 'O O OK O. Oº -M in 00 co OO o0 N 't a0 o on N r- cD 9 NO ýOýO. KY No NOIngnv1u1MNNNMMMMýt ý? ý ýt1+1onpgM-4 %S -tin 
0ingnC>to00000000tHtnt C> an C) OOWAOOOp0in0Vn NMMO %* O 00 p. NO f` 0 ýa w- O. Oº a- A ýc r O, in ICI Ap CIO A an r >M W- O co 11- W% W- 'I OQ e-- -O OMA co M1 A Oº in r- in r- OO-N4 %0 co -. t 3 
AAA14; IOýoý 
N1 1A C> C> C>LnC>0000 000 OOdOQ 001AW%a. i nm pyn Op MM d%t OI`cm -t1.00N0 00 NO im CYO. 00 M. - W% 0000k Ok CO ft'tM F- > 1+1 w- O co A to v- on co .- %a OMA f, ch. V1 - NO .-ONN %s we cc -f 
AAAýOýOýOýOýp"OA. tyýM1nýGýpýpýpýpýpNyýyýAAAAAAA 
º- V 
-i O rn c> O co in OD OOO in NOQN in O wt 1` O an O in rk. - OOMONO ui t7 O NCaG to%tNinO-. tu -o co co NO. -w%co %tOco Nco 0rMNOº G It! ."". """""""""""". """". """""""" ß NNNrrrrrrNpQrrrrNNrrrOOrNNNNNN 
C7 MMMMMMMMMMMOOOOOOOOOOOOO0000co 
ca co Coco 
I VP ýýýýý%W; W; 4nW; W; W MMMMMMMMMV; W; CL ca 
zv_ o0000000000000000000000%0. c'9) 0.00.0 
V1 Otf100t11in in u%c>tn0 000 00000 00 0o1A01A000in d 1` e- 00 In OP, -C NO 10 O I-* CO M CO t Qº 1` -* W2 &a Cl, -Q O -, t oN Co NO cOcQ{-. /`NOG%C%0t`co -t-tv1%n%0Ot`cc ! `Otnttcc cc co O. O. GO, 
N OQin OOI%c. in g10in co 00>in Ln pOpOin00C> 000U1inp !- tit %0 e- *O N Qº to Qý. O, U% W- ti M Oý. '40 nt MN co '40 ,O I4, - IA in p. t\i Jr. - n[ 'Q in 
ca cc co r, ti -0 Q "a co UN in "o No rý co aoCt:. c v: a as ea Q. o. oC 07 > 
r- r- 
0ý 
c> go CD 000000ooooocooooo0 
-1 1%. , in an an w%w%in 1Aan V1in O000oo00ooooc>in in UtV1Min v% IL 1 't t -t -t 't 3 --t ti! to N1 tr% an u% to to to v1 KA to an 4A An u1 u% to &n u% to 
mO a-NM*f an %0! `c0c> Oe-Nen 3Wt Q1. -CO Oº Oa-- NM* 1tßNC! N. 000ºc XZ -O-QºQ'OTC'O'0'O'Q'CD OOOOOOOOCe-e-e-gre-e-qrr1- 
e- s- N- K- e- w- qr- I- v- w- r yr e- r- ie- e- e- e- - e- r v- v- r 
c, u%m oaa o0000 ouninooooo00000ooooino MMMMN-CO Q- a. %- W1 in 40 ONM W- w- QW /- 40 W% 1% -0 00 MNN 
t1D > W% V1 in to in An W% N1 to M! Vº gn v1 to M in --t -t It --t -. t AN 1- 
W- W- i r- Ir- e- W- Wr -r- --- W- --- - V- - W- e- r- r- f W- W- --- - -- -r 
OO1A1AQOin OdOO OOW%cl OOOkn C>kn OOV! 1AOin C>OO 
NN on tai NO Oº- D 1` to in AOO in --t -G 1` O. e- -t NO Ok pto, w% co o, in 
1- NO 00 ,O4 .-4-, OO "O H- AQ- co W% M Oº !`t-M in O. W- M 'O co pº , - 
3x ............... ............... 
f- 1` NG Kº NO 110 140 %a f` we 10 NG !`A NO NG a Ln Ln in in in to WN NO NQ NO Ki ý* 1` 
in todtAdO 01AC>OC' OHAin01Ap00 00 00 0 001AQ1Ap 
r- NMN !V to oo 'o 'o '0 in rNrN co mOM in cu f- rN -4 a- CO OO 1` 
1- >INC co -v ýs w- -4 -O O -o co O, C a- aQ in MCN. %t w- M *O Oý v- %S v Ok ar 
. as wee.. "........ "". "..... ". ". 
1` !` 10 '40 10 %0 'O 10 1". '10 'O 10 t` P- .O 'O 10 'O in W% In in W% V1 "O 'O "O NN 
QIAfVC%lOOOi1in cl 1f11nan in co an Wbin OPºONOan 4D in w% in O 
W tS O .p to MN wr cm MN N- co ON It O" U% .! e- O 00 !- DO O W- MNM --t 'C 
QW". ""a. a"""""". """"""""""". """" 
N- r- "-- rrrrf Cm NNT U- r- e- e-- O G0 O a- e- e- U- W- U- ir- 
º- 
t7 aGco co co co c0co co co OOOOCOOco OC7QOOCD OOCOcm nicm 
Q"S.................... "....... 
5 an in an an in in an to w% to 1A u% w% in in Ln w% NYC in oO -o 
CL CL 
-Z C7 "' NO ýO 10 '4O '40 +Q 'wO 10 NO W 00 00 00 cC 00 00 aQ 00 00 oG CO CO 00 CO 60 QO 00 NNN 
"""""""" ,"" "1 """""a"""""i""""""" 
e v, vº an in An in in wn W% W% .o 'o .o 'O "o "o .o .o '0'a .a "o "c 'a "o -a "o o e-. t` r-- 
CL a 
V! OQQOtfZ000CO00inC>&nOQQOQQO00C>%ngnQ0 
a in Qco M! `tu 3in OºN p. Oin QMOOco -tco N%oQin oco cm 
Go cc t` i, , %c so %o 1` 1` r- r- CU OG Co CO Nr- %C so to an to to %C+ P. P. l` h- 4: 
U) VltoillQQ/AQtoI1QQ1AL[1Y! t1000QtoUnQQQCrQ1AQtoQ 
O" M N.. V IC> to a3N Gl to co Kl 'Q CO Mn to to o0 't co ýt pt vi co Q (%i f- 
0 cc cc tk- til- tý "c t.. r- c.. a. o" oý coc. as co n. ti 140 an .o "c n h. co a- co r" cc 
3 CaCr4D oQ9D OOOV1 Nl4D pa0ooo0oot7oGSOgGOC 
Q=..........., W' m................. 
J in to in Ln in in in an MO oý o. OK O> O, oý oý O, cK O- O, o, O. co, o-, o, o, in to tß 
LL. J Ln Ln to Lf1 sn tr% LA Ln to so v% v% w% to V1 to Ill ßt1 in an to an Lr% m Ln in in va- so so 
O e- NM -tt In D [` c0 Oº Cl e- NM to'O N- CO Oý O e- N !R gn'0 l`. to o.. O 
i Nr*jcu cm fVnT tVNniMM MMMMMM MM%t 4 %*-. tit %S-4% %* .t U-% 
qr- e- W- V- W- - irr - e-- e- ir- e- W- - r- r- a- r' - i- Ir- e- - a- e- e- -- e- e- a- 
in o in yr rn in oa in oo vº oo vº o'n o W., C2, Co in ooo in o ýttof`O. OOO, CO['*- ý* N N, NAO M1OM -- e- .- m'G v1 W%"--, W- M ca9 "" 1". !* tl %OOE,, "' %% ll ! Il 1A to to IO W lO lO H- 1` ti .O .O NO .OH. n ti, 
a- ýr- "- a- r- ar e- "- ar e- a- a- a- a- ýr- a- e- ar 
°AW%'^oin in Ln Co do W%ovno0000oaaoo aAn ooa,, n, n cm A ma-- AP%o o[tAAo. cp vi vi cm co AA. 1. -cc p, A w- ,3M 
toNOO, -1`inM'-CO"ONA, alOc0O, -M1AMaa0V% aa0N'Oý* W%^. 
Af'. AAAAAA'ýýO: pP- c oAAAAAWýQ. pyt. p '" ýOAA A 
O auf OOtAOQ aCºtA Q a00 0C? OaaQOa OaC? ain O tn OK et aM Qý, ck P- a0 00 a O. 3 %0 ul a- Co aA%! e- NO w- GO M %0 w- 00 M' tilt A p. A in m, cc %c mAa NO co aN .i in pn a- P %a e- U) N .O .$ in 
N 
AtýAAAAAAIOrD1O. pA1OCAAAAA1QIO1 Wý"p1pAAA 
-A . aaainae-V% Cl As aO.. taaco ßf1in aaaßf1kn ir- ui9-7 CO ONtAMV-- coin M ee- aN**4NONo01 CU LnM NoM W- 
C> C> %n kn C> zn aW-ý1%OA 0w"". """"""""""" 
ß"""""". """"P i r- NNNNN s-^ e- ý- e- e- e- e- . --1r ý-- e- N" N" N e- r- r- r- ý- ý- e- Ir" Ir" . -" 
9%j cu mcsjcl2Ncu NN! \DNNAi aGco 00aco aaaaaaC%t-. T. s vä .o .c -4; 
V No 1; ro -Z '4 %0 . C+ \o NO 10 NC NO No 10 "o IC .ö No .o -Z 1a 40 .o 
4.7 N NN NNNNN NNN NHS 33 ýýý ýý3 40 cc 
It L43 AAAAAAAAAAAAAAAAAAAAAAAAAA '""" 
CIO 
CLC AAAA 
oaoQOOUºQOOinöarsovnoocooo>OoooQOQino 
co Vu (`-tOVUN ! `cu NO tVco 3co %0QKMCQ%tO'. on "CW---t%0MQO1lO'tCO CO Q. O. GOQ. co 00 r- !- %C+ NN ik- r- cc aG O. QN Ok co CO 111- rQ K! O 1ý O. O. (>, a- e- - 
OOinQUnOpOOtnQ>QOOtAOQOpOVn0t1 
OOOOOOp M 1` qr- Qº -t Cº lit N. 0,3 e- N. VI W- MO 10 M 00 IV M CO 00 p. K1 e- p V% Q'. M 
C Q; OOOOQ. co ti ti [- !: cc CA 4*+ OO s- e- O Qý cc 1` !`c"" Q Qs O- Q 
"r 
4=3 O©0000c 0004D QOC00000000Q0Q00 00 
ýý ýý1 ý1V1v1 N ýýt1 ßf1 M 00 00 00 0 000 00 O a&n an in %0 10 ýQ Kip *G %0 `e %0 NB'0 10 N r- 1` t` P" IS- t` !` 
to in IA ! 11 to to to wt in -o zO so *O rC %o %a rG C !- (` r- CO CA O r- N r- c: 
O QOO c, in O OOIA in 1AYY C> in OM OV-w OOOOOtn 000 in O 
c'1 > !- 1` 1` 1l- h. 1` f"- (` 1N- 1"- M M1 -t -1 1N in 1A in 1A W% W% rrNNMM 't Pt 
r .- a- . -- ý- ýr- "- r- ý- a- r rrrrrrrrrrr 
UN OOC>w%C> AApOOynin OOOM#n W% c> M0000iApOOV% 
! u7 
"ON M'0 «NA-OA -t r-Nýt c> w%ONOýva00ý*Ndd MIA j ý4 1> OtoMý-OAp. NVºOMoAe-O, OO%nNtANtýo0o0AtOri 
A AAAACrýO. pA AAAAAA ýO. Qýpýoý o, b, AAl-apAA AA 
O oOOC> oinininin QooOOWnu%ooWnQOO a0 M MN1nto OQOQ cQ c0 OCwrco in MMW% O a0AAO, , O3NO'tA CD kn !-a %C Ifs -t aNOM in O on in AC c0 in N -t NN %a co OA fV' 
r: r: OAA AAAAAA AýO"p"Q. p. pAAAAaCAA AA 
I- V 
" -j "-N in "r- O co an M, an in OO an OOO on W C7 N CQ A IA MNN -t "t l` cc O Y1 
QMQQON in M (p. OO ýA O CW .. "....... Ordin-*coa, AinNM 
N rrr-- e-r- re-- rq-N-e-rOQe-r """""". "" rrrrrrr rr 
I- 
=) L7 -t 3st 3-4 S-4 -. t 00000OOOG O*b 
ýýýý 
"S"". ".. ""S 00000 0000 00 
as 
IN aý'a`ý`ý' `QAAAAA AAAAAAAAAAAAA Alm 
ZO1 Go CO cc 00 CO CO CO 00 430 00 Fn on In pgM on on I on in on CDý o C> C) C> C> 
d aQ aG nD a0 a0 c0 oG aD o0 a0 cG tý PP Oý P Oý PO Oý 
N OOOOOOOtA u%OpMM OOOOOOOLA0000000 aNN. N oQ V1 op ßf1 O ap OO ýi c0 MOO 't CC) CO W% O 't ON .i ,G co 
oil 
mr, W. 
C1 (. 01, CO CC V- f- I- CO p. co Q, OO co CC 00 1` !` !` 1` 4iQ, GO W- O O, cc cc 
rrrI- 
N c> c> 0Kn c> c> 000000pO0000%0C0 
00 0000 00 0"" Oe- 1` nt CO NO u% tu 0 -t p, m t- iA O. M1 ON tK O o. w% 'oO. ON 
a eý o o; o; co cLý e: cc o, o: o; co9 07 ., ct: !: P- cx Qoao-« o" p. Q. 
ooooaoao oooo000o0000ooooo4: 1 i wt tn in in in Lnan tntn in 0 0000 0000QO00000pC) LL. _t 1- i` [` ! *_ lý r- !` lam.! ` !- Ca cc Ca co CO CO CO CO CO CC 00 co O+ 0. Oti O. O, O. O. O, 
NM3ýI%ýG1`cCDº O--^na kn 3in 'Ot,. 000-CD -N M3to-D1ýCo p. O GCS C 
qr- 
O CO CO CO Co Co Co COgQC>, C>C, O, O, 0-oý0, Q>Ch 0CD 0000000- qr» w- v- 9- Ir- v- ýqr- qu- e- r'qr- v- v r"'r'--tu NN NN NNNN NN 
Oooo00oOUn 
o. ir- stiOgn0COCN 
m> s in UN an .a "o .o .o .o 
ty iM in 1` N Q. 1A .t0 
1- > t V1 1` Oº O fV p. ý, O 1 
N. 1. c000 h. r. A 
VtO1AOýAOin OO 
100 MO, %0 -v%N 
!-> ýt V1 lam. OONe %0 e 
3Z ...... ".. 
tý tý t. - !- 00 a0 1` P. l- 
!-V 
Ill ". 0ovºOO4n %In 
u, to "t an ti xa Co un M 
da w ."".. ". "" 
G e-a-a- e-a-Ma. -ra- 
1- 
t2 000000000 
i U) äN iý ti i-ih- 0. ý 
:Z0 cioc0<icc00 
»,. R M 
I to 
""a. """"0 
Oý «>. O, P C> 0,. O. Oº P 
CL a 
U) OOOOOK1000 
ZL lit an ON Co v- MOO 
Q, o. OoO .-oo, Oa 
a ir- a a- aqr- 
unoov%00oa0 
a. - ýO Oý l` M 1` 00 r tý1 
C Q> Q, C> 0 Ch 
e- e- er- qr- a- a- 
0 00 0 0000 0 
1 00000 CO 000 
u . -I 04 iT Q, a', o 
Oº 0 0. ' 
=O a-tu vi 3 in %0r-oOO> 
NNNNNNfVMN 
1 n3 
Boiling Results = Continued. 
(a) To Demonstrate The Effect Of Dissolved Air Content 
and Subcooling 
Runs 1- 21 10 ppm 02 
Runs 22 - 42. 4 ppm 02 
Runs 43 - 63 2 ppm 02 
" (b) To Demonstrate Hysteresis Effects 
Runs 64 - 78 The effect of. velocity 
Runs' 79 -*87 The effect of Heat Flux 
The hysteresis effect of subcooling could not be shown due 
to the inability of the cooler to cool the water at the high 
heat fluxes needed to sustain vigorous boiling. 
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APPENDIX 8 
Other Workers' Results 
As pointed out in-Section 6.3 a total of 664 results were 
obtained from the literature and used in this work, along 
with the results obtained for water at'this'university. 'This 
Appendix. lists these results for the benefit of any other" 
worker-who. may require them. 
In the first part the references from which the results were 
taken, the number of results from that reference, the equiv- 
alent diameter of the flow channel, (ft), the flow area, (ft2) 
and the heated area ( ft2 ), are listed. In the second part, 
the non-boiling correlation used by the particular author is 
given with reference to that author, and in the third part, 
the results themselves are given in the following form. 
Pressure 
Surface Temperature 
Bulk Temperature 
Velocity 
Heat Flux 
Saturation Temperature 
( psia) 
( 0F) 
( OF ) 
( ft/sec ) 
( BtU/ft2hr ) 
( 0F) 
Part 1 
Ref. No. of Results Diameter Flow Area Heated Area. 
22 150 0.0383 . 0.001154 0.0602 
25 37 0.049 0.00188 0.2241 
9 78 0.0259 0.000526 0.0441 
35 80 0.0314 0.001 0.0358 
11 49 0.053 0.00304 0.01171 
34 22 0.010 0.0000787 0.0144 
12 35 0.015 0.000177 0.0369- 
11 22 0.053 0.00304 0.01171 
11 18 0.053 0.00304 0.01171 
8 57 0.049 0.00188 0.2241 
36 23 0.0208 0.00034 0.01015 
I-n13" 
8 56 0.049 0.00188 0.2241 
3.7 37 0.0194 0.000294 0.01015 
Part 2 
Ref. Worker's Non-Boiling Correlation 
22° Nus. = 0.029 Ref0.79 Prf1/3 
25,35 Nus = 0.023 Re0.8 Prf1/3 
9,11 Nus = 0.021 Ref0.8 Prf0.4 
34 Nus = 0.021 Re0.8 Prf1/3 
12 Nus = 0.019 Ref0.8 Prf1/3 
8 Nus = 0.034 Re b0.81 Pr b1/3 
1 
36,37 Nus = 0.027 Reb0.8 Prb1/3 ()Vl) 
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APPENDIX 9 
Physical Property Interpolation Formulae 
The physical property interpolation formulae used in the 
computor programs during this analysis are presented here 
for the benefit of any other workers in this field. 
Unless otherwise statgd, the formulae are accurate over-the 
range of temperature or pressure as given in Table 1, corr- 
esponding to the relevent author. 
The following interpolation formulae calculate the proper- 
ties in American f. p. h. units : 
" i. e. Temperature 
°F 
Heat BtU 
Mass lb 
Time hr 
Length ft 
Thus the units of the physical properties are as follows : 
Liquid Density 
Thermal Conductivity 
Specific Heat 
Viscosity 
Latent Heat 
Vapour Density 
Saturation Temperature 
Surface Tension 
lb/ft3 
BtU/ft2hr(°F/ft) 
BtU/lb°F 
lb/ft. hr 
BtU/lb 
lb/ft3 
°F 
lb/hr2 
Physical Property Constants For Low Pressure Water. 
The property is calculated from the formula : 
Property = A0 + A1T + A2T2 + ,..,... AiT' 
where "i" has a maximum value. of 10. 
"T" is the temperature at which the property is required and 
should be expressed in 
°F for all interpolation formulae of 
f D: ý 
this type. 
The following table lists values of Ai for values of "i". 
tritt 
0 
i 
z 
3 
4 
5 
6 
ItiII 
0 
2 
3 
4 
S 
6 
7 
8 
N. B. 
Liquid Density 
62.23582820 
9.26880229 E-3 
-1.39465319 E-4 
2.41070528 E-7 
-2.10245805 E-10 
Thermal Conductivity 
0.30030792 
8.91418270 E-4 
-3.02548900 E-6 
4.87099441 E-9 
-3.89572183 E-12 
Liquid Viscosity Latent Heat 
8.07690280 
-1.67499582 E-1 
1.92045903 E-3 
-1.32373948 E-5 
5.62055667 E-8 
-1.47306722 E-10 
2.31553924 E-13 
-1.99787898 E-16 
7.26521490 E-20 
-1.32755169 E+3 
5.83327679. E+1 
-6.19026497 E-1 
3-67213158 E-3 
-1.34509191 E-5 
3.11445220 E-8 
-4.45414941 E-11 
3.59867510 E-14 
-1.25835882 E-17 
E-n is equivalent to x 10-1 . 
2.81453768 E+3 
-5.70863220 E+1 
5.23727959 E-1 
-2.79849127 E-3 
9.44355838 E-6 
-2.04952703 E-8 
2.78373096 E-11 
-2.15832338 E-14 
7.30231470 E-18 
Saturation Temperature at a Given Pressure-. ( 14.7 to 30 psia only) 
Calculated using : Ts = A0 + A1P + A2P2 + .... A1P' 
where P is in units of psia and Ts , 
°F. 
tit, 
0 
i 
2 
3 
Al 
-4.31922877 E+4 
2.34416622 E+4 
-5.59714562 E+3 
7.78795739 E+2 
ºº1ºº A. 
1 
5 4.25413394 
6 -1.77085803 E-1 
7 4.99056665 E-3 
Specific Ileat 
1.04046247 
-1.43409550 
1.76314485 
-1.05136222 
3.31965515 
-5.1.3616073 
3.09929885 
Vapour Spec. Vol. 
"i" A. 
i 
8 -9.11863592 F: -St 
9 9.76051938 E-71 
10 -4.65022068 E-9 
too 
X=0.206 x 130.5 
p0.794 
Z= 22000 x 0.994 
where P is in Asia 
-If s 
P1.994 
= 7.054 x 3600 x 36 x(1-(T-435.8)/269.6) 
where T is in °F 
Ethyl Alcohol 
Ali temperatures in these formulae are in °C 
CL = 50.3 - 5.485 xTx 10-2 + 6.942 x T2 x 10-5 
-9.183 x T3 x 10-7 , 
k1 = 0.10556 . - 1.955 xT x 10-4 - 8.2 x T2 x 10-8 
- 5.3 x T3 x 10-10 
C = (24.723 + 7.587 xT x 10-2 + 8.547 x T2 x 10-4)/46.05 p 
4.184 - 6.9169 xT x 10-2 + 4.4755 x T2 x 10-4 
-1.0086 x T3 x 10-6 
(46/1.8 ) x( 11192 - 19.494 xT+ 1.88 x T2 x 10-2 
-2.786 x T3 x 10-4 ) 
ev 
= 0.101 @ 14.7 psia 
X = 3.2 @ 14.7 psia 
Z = 28.3 @ 14.7 Asia 
c'S = 23.99 - 7.. 497 xTx 10-2 - 1.178 x T2 x 10-4 
Ts' = 172.8 @ 14.7 psia 
1o9 
Isö-Propyl Alcohol 
The units of temperature to be used in the formulae are shown 
in brackets after the formulae. 
62.4 x 10-4 x( 8228.2 - 5.47 xT) (°F) 
kl = ( 9259 - 1.852 xT)x 10-5 (°F) 
C = ( 500 + 1.967 x T*) x 10-3 (°F) p 
Viscosity 
T less than 80 : 5.81 x 10 
(-0.01132 (T-20) ) (o C) 
T more than 80 ; 0.20 8x 10(-0.00636(T-80)) 
ý- = 286 @ 14.7 psia 
v= 0.128 @ 14.7 Asia 
X= 2.8 @ 14.7 psia 
Z= 29.0 @ 14.7 psia 
5= 127100 x( 235 - T)0' 
7 22 (°C) 
T= 182 OF @ 14.7 psia 
N-Butyl Alcohol 
= 62.4 x (0.8329 - 0.699 x Tx 10-3 - 0.32 x T2 x 10-6) (v 
(°C) 
k1 = 9.71 x 10-2 x( 1- 0.5 x (T-20) x 10-3) (°C) 
= C ( 461.5 + 1.485 xT)x 103 (°F) p 
Viscosity 
T less than 100 : 10(1- 
0.0084 x T) 
(o C) 
T more than 100 1.45 x 10(0.0075(100-T)) 
'= 112.4 x 1.8 x (273.16 + T)/(74.12 x 4.2) (°C) 
ev 
= 0.0108 x T0.974 (o F) 
110 
X= 3820/(P x(6.64 - log10P) 
2) 
Z= 9380 x P-2.2 
= 3940 x (290. - T)0.925 
Ts = A0 + A1P + A2P2 + ...... AiP1 
where the values of Ai are given below 
ýi. A. 
i 
0 4.26162325 E+4 
1 -1.21252302 E+4 
2 1.53537842 E+2 
3 -1.13915048 
4 5.48276334 E-3 
5 -1.78843507 E-5 
6 4.00389619 E-8 
7 -6.07594290 E-11 
8 5.98446317 E-14 
9 -3.45933177 E-17 
10 8.29030649 E-21 
Liquid Ammonia 
( psis ) 
( psia ) 
(0c) 
( Asia ) 
b- = 62.4 x (0.65 - 0.955 xTx 10-3 )( 
°F ) 
k1 = 0.346 ( assumed constant. ) 
O = 1.06 + 0.133 xTx 10-2 ( 
°F ) 
p 
(1.26 - 0.52 xTx 10-2) x 12 x 0.036 (°F ) 
576 - 1.02 xT ( 
°F ) 
x = 165/(2.303 x P) ( psia ) 
ýv = 0.00312 x T1.02 (0f ) 
z= 14050 x p-2.045 ( psia ) 
6= 1030 x (271.4 - T) 
11/9 ( op ) 
" Ts = as given in author's data 
Water at High Pressure 2000 psia 
= 63.07 - 2.142 x Tx 10-2 - 9.378 x T2 x 10-3 cv 
- 1.345 x T3 x 10-7 ( 
°C ) 
kl. ' = 0.3387. + 8.506 xTx 10-4 - 3.291 x T2 x 10-6 
+. 8.43 x T3 x 10-10 ( oC ) 
. -. C = (18.011 + 4.739 xT x 10-3 - 8.898 x T2 x 10-5 p 
+ 4.353 x T3 x 10-7 )/18 ( °C ) 
ýL = 0.361 x 10(-1.8 
55(T- 180) x 10-3) 0c 
463.4 at 2000 psia 
ev = 5.32 - at 2000 psia 
X = 0.071 at 2000 psia 
"Z = 0.007 at 2000 psia 
9 = 7.054 x 3600 x 36 x (1-(T-4 35.8)/2 69.6) (°F) 
T = 636 °F at 2000 psia s 
Aniline 
Qý 
= 62.4 x (1.03893 - 0.86534 xTx 10-3 
+ 0.0929 x T2 x 10-6 - 1.9 x T3 x 10-9) (°C) 
k1 = 0.10 ( assumed constant ) 
CF = 0.4617 + 0.000461 xT( °F ) 
IIS 
viscosity 
T less than 135 : 24.2 x'( 33.5/T)1.185 
PAL T more than 135 : 24.2 x( 70/T)2.53 (o F) 
= 186 x (T+460)/822 (OF) 
Vapour Density 
Tl ess than 400 and more than 250 
ev _ (T - 220)/145 
Tm ore than 400 
cv = (T - 340)/46.4 (°F) 
X = 0.3 x (500/P)0.714 ( psia ) 
Z = 0.0421 x (360/P) 
1.84 ( psia ) 
= 1091 x (800 - T) 
1.062 (OF) 
.. 
T = A0 + A1P + A2P2 + ...... A1P' 
( psia ) 
s 
are as where values of A follows 1 
A. 
1 
0 1.49813609 E+2 
1 7.91814106 
2 -1.82688235 E-1 
3 3.09049175 E-3 
4 -3.41870420 E-5 
5 2.46642618 E-7 
6 -1.16518561 E-9 
7 3.56845785 E-12 
8 -6.81592204 . E-15 
9 7.37180027 E-18 
10 -3.44547510 E-21 
0 
Hydrazine 
(L = 62.4 x (1-0.14(T-95)/285) ( °F ) 
k1 = 0.39 + 0.1 x (T-300)/225 ( °F ) 
Cp = 0.8 + 0.06 x (T-240)/156 ( °F) 
= 2.42 x 10 
(0.937 (1/ (T+460)x10-1.925)) ( of ) 
2 -2 15879 - 28.296 xT+5.4525 xT"x 10-. 
- 6.8528 x T3 x 10-5 + 3.125 x T4 x 10-8 
- 8.333 x T5 x 10-12)/32 ( °C ) 
ýV = 0.1 + T(2.85/1000) ( °F ) 
X= 38.4 x P-0'826 if .P 
less than 450 
X=0.1 x (P/700)-2'26 if P more than 450 (_psia ) 
Z= A0 + A1P + A2P2 + ..... AIP' ( psia ) 
where values for Ai are as follows : 
"i" A 1 
0 4.09752500 
1 -1.64916768 E-1 
2 2.14385790 E-3 
3 -1.44540356 E-5 
4 5.81533541 E-8 
5 -1.47055264 E-10 
-6 2.35424380 E-13 
7 -2.30976067 E-16 
8 1.26271115 E-19 
9 -2.93265248*E-23 
_ (66.7 x 3600 x 3600 x ((380-T)/355)2.11)/453.6 (°C) 
Ts = as given in author's data. 
i yL 
Thermocouple Calibration Formulae 
Both Copper/Constantan and Chromal/Alumel thermocouples were 
used on the experimental apparatus. For the former, interpol- 
ation formulae were fitted in the range 0- 200 
°C, and for 
the latter, '0 - 300 
°C. 
The interpolation formulae were of the type : 
T= A0 + A1E + A2E2. + .. '.... AiE1 
where E represents the output of the thermocouple in millivolts. 
Values of Ai are given in the table below : 
Copper/Constantan Chromal/Alumel 
0 -2.73112920 E-3 -1.31372492 E-2 
1 2.60456155 E+1 2.53620103 E+1 
2 -5.40295492 E-1 -8.32573021 E-1 
3 -2.65456396 E-1 8.03304254 E-1 
4 2.24663097 E-1 -4.82842616 E-1 
5 -9.41411914 E-2 1.54165859 E-1 
6 2.37823988 E-2 -2.80599995 E-2 
7 -3.71350601 E-3 3.05161902 E-3 
8 3.50003009 E-4 -1.97347497 E-4' 
9 -1.82414661 E-5 7.02522753 E-6 
10 4.03563127 E-7 -1.06238200 E-7 
X15 
APPENDIX 10 
. Use of 
Design Correlation 
Design procedures for subcooled boiling heat transfer may be 
split into two distinct classes. The first of these specifies 
that the heat flux through a wall shall be'constant and'it is 
required to calculate the inner and outer wall temperatures 
of the tube, all other system describing parameters being fixed. 
The 'second specifies the temperature on the. outside of the tube 
and. requires the calculation of the heat flux through the wall 
to the boiling medium. Both these classes of design may be acc-. 
... omplished with the 
design correlation presented here. However, 
the same difficulty in the application of the equation occurs 
with both classes, namely, the estimation of the mean film tem- 
perature. 
For the constant heat flux design, neither the inner nor outer 
wall temperatures are known initially. The inner wall tempera- 
ture'must be guessed at first to yield a valuefor the mean film 
temperature. This may then be used to calculate the Prandtl 
group and hence a better approximation to the inner wall temp- 
erature using the design correlation. 
In the second case, where the outer wall temperature is known, 
the heat flux is unknown and so the inner wall temperature can- 
not be calculated. The inner wall temperature must be guessed 
initially yielding a value for the heat flux through the wall 
and the mean film temperature. The Prandtl group is then calc- 
ulated at this temperature and a new. value for the heat flux is 
calculated from the design correlation. Knowledge of the heat 
pct 
flux enables the'inner wall temperature to be found if the tube . 
wall thickness and thermal conductivity are specified. 
For both classes, iteration procedes until the inner wall temp- 
erature is within the required accuracy. It has been found that 
approximately five iterations are needed to converge on an ans- 
wer which is accurate to + S°C. It is also necessary to ensure 
that the incipient boiling point has been passed. References 
10 and 42 are recommended for this purpose. 
The-other criterion that must be-satisfied is that the heat 
flux being used must be less than the burnout heat flux'under 
similar conditions. References 26,45 and 46 are suitable for 
the calculation of burnout heat fluxes, the latter containing 
sources of some 1400 experimental determinations of burnout 
heat fluxes and recommendations regarding its correlation and 
prediction. For the readers convenience, the two design proced- 
ures are summarised below. 
Constant Heat Flux 
1. Set P, Tb ,V and Q/A to the desired values. 
2. Calculate the burnout heat flux and check it is 
greater than the design heat flux being used. 
3. Calculate hnb. Reference 47 is recommended for this. 
4. Calculate all necessary physical properties at the 
saturation temperature corresponding to the system 
pressure. 
5. Guess a value for TWi. Say Ts + 25 °C 
6. Calculate the mean film temperature and the value of 
the Prandtl group at this temperature. 
I( q 
7. Calculate 1lboil from the design correlation and 
hence Twi. 
8. Return to step 6 until the required accuracy is 
obtained. 
9. Check that TWi is higher than the incipient boil- 
ing temperature ( use 10 or 42 ) 
10. Calculate the outside wall temperature. 
Constant Outside Wall Temperature 
1. Set P. V, Tb and Two to the desired values. 
2. Calculate hnb (47) and all necessary physical pro-. -. - 
perties at the saturation temperature. 
3. Guess T .. 
4. Calculate Q/A through the wall using 
Q/A = (kc/x)(Two-Twi) where Kc= thermal conduc- 
tivity of. tube wall and x= its thickness. 
S. Calculate the mean film temperature and the Prandtl 
group at this temperature. 
6. Calculate Q/A from the design correlation. 
7. Calculate TWi using the equation in step 4 above. 
8. Return to step S until the accuracy is obtained. 
9. Check that TWi is higher than the incipient boiling 
temperature. ( 40 or 42 ) 
10. Calculate the burnout heat flux and ensure it is 
greater than the design heat flux. 
Since the heat transfer coefficients, temperatures and heat fluxes 
referred to above are local values, it is either necessary to em- 
ploy log mean temperature differences or to perform a stepwise 
calculation along the tube. In the latter case, heat balances 
over each section in turn provide the necessary link between the 
sections. 
